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Kurzfassung 
 
Die Bildung von Komplexen aus gegenteilig geladenen Polyelektrolyten ist seit 
langem bekannt. Polyelektrolyte werden als Flockungsmitel und zur 
Modifizierung von Oberflächen verwendet. Während die Modifizierung von 
anorganischen Nanopartikeln mit Polyelektrolyten eine etablierte Methode zur 
Modifizierung der Eigenschaften ist, ist die Veränderung von porösen 
Gelpartikeln mit Polyelektrolyten ein verhältnismäßig junges Gebiet. Die vom 
Lösungsmittel gequollenen, nanoskaligen Gelpartikel können verschiedene 
Monomere und somit unterschiedliche Eigenschaften enthalten.  
In dieser Arbeit werden Copolymer-Mikrogele aus N-Isopropylacrylamid 
(NiPAM) und Methacrylsäure (MAA) verwendet. Poly(NiPAM) ist oberhalb 
von 32°C unlöslich in Wasser, Partikel, die aus Poly(NiPAM) bestehen, 
kollabieren bei dieser Temperatur. Neben der Temperaturschaltbarkeit verleiht 
MAA den Mikrogelen zusätzlich ein pH-abhängiges Quellverhalten. 
Polykationen können an diese Mikrogele binden und die Eigenschaften der 
entstehenden, stabilen Komplexe unterscheiden sich erheblich von denen der 
Mikrogele.  
Mikrogele und Komplexe wurden durch titrimetrische Verfahren, 
Streumethoden und Messungen der elektrophoretischen Mobilität 
charakterisiert. Die Wechselwirkung zwischen Mikrogel und Polyelektrolyt ist 
elektrostatischer Natur. Zusammenfassend lässt sich sagen, dass die 
Eigenschaften der Mikrogel-Polyelektrolyt Komplexe von der Verteilung der 
Säurefunktionen im Mikrogel abhängig sind. Die Ladungsdichte im Mikrogel 
bestimmt die Menge an Polyelektrolyt die nötig ist, um das Mikrogel 
umzuladen. Polyelektrolyte können in Mikrogele penetrieren, wenn 
Vernetzungsdichte und Molekulargewicht im richtigen Verhältnis stehen. 
Temperaturinduziertes Kollabieren des Mikrogel-Polyelektrolyt Komplexes 
kann zur Freisetzung von Polyelektrolyten aus dem Komplex genutzt werden.  
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Abstract 
 
The formation of complexes from oppositely charged polyelectrolytes are well 
known. Polyelectrolytes bind to surfaces and can thus be used as flocculants or 
coating to modify surfaces. Layer-by-layer technique allows tailor made 
modification of surfaces as well as encapsulation. 
The modification of inorganic, rigid nanoparticles with polyelectrolytes is an 
established method while little is known about the modification of porous gel 
particles with polyelectrolytes. The gel particles are of colloidal dimensions and 
swollen by the solvent. Copolymer-microgels consisting of N-
isopropylacrylamide (NiPAM) and methacrylic acid (MAA) are used in this 
thesis. Poly(NiPAM) is insoluble in water above 32°C, particles consisting of 
poly(NiPAM) collapse at that temperature. Charged microgels containing MAA 
are also sensitive to changes in pH additionally to the temperature sensitivity. 
Polycations can bind to these multisensitive microgels leading to different 
properties of the resulting microgel-polyelectrolyte complexes as compared to 
the microgels. The microgels and complexes were characterized by titrations, 
scattering methods and measurements of the electrophoretic mobility. The 
interaction of microgel and polyelectrolyte are dominated by electrostatic 
interaction. It turned out that the properties of the microgel-polyelectrolyte 
complexes are deeply influenced by the distribution of acid functions within the 
microgel. Charge density of the microgel determines the amount of polycation 
needed for charge reversal. Polyelectrolytes with low molecular weight are able 
to penetrate into low crosslinked microgels. Collapse of microgel-
polyelectrolyte complexes releases partially polyelectrolyte chains from the 
complex.  
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 1 
1. Introduction 
 
Polyelectrolytes and microgels are two classes of substances of particular interest. While 
polyelectrolytes can be found in many industrial applications such as in paper coatings, as 
additives for pharmaceuticals, waste water treatment and mineral separation1, only few 
applications of microgels are established yet.2 Microgels offer a lot of applications ranging 
from coatings to medicine and biotechnology and as support for catalysts or enzymes as well 
as stabilisers for emulsions due to their porous structure, (multi-)switchable properties and 
numerous possible structures.3,4    
Polyelectrolytes can form complexes with a high variety of oppositely charged molecules, 
surfactants, other polyelectrolytes, surfaces and nanoparticles. Especially the properties as e.g. 
the wettability and the surface potential of charged surfaces and nanoparticles can be easily 
adjusted by polyelectrolytes. The dimensions and the average number of charges per 
polyelectrolyte chain and particle, respectively, are important to understand the interaction 
between polyelectrolytes and oppositely charged particles. Also the charge density is of 
special interest since both determine whether particles bind to one polyelectrolyte chain 
(necklace model) or whether one particle becomes decorated by several chains.5,6,7    
Microgels are swollen by the solvent and functional groups are not only located on the surface 
but within the whole particle in contrast to inorganic nanoparticles or (collapsed) latex 
particles. This leads to the question if polyelectrolytes can penetrate into microgel particles. 
The penetration of polyelectrolytes into microgels would be a unique property which would 
drastically differentiate microgels from nanoparticles. 
 
 
 
1.1 Polyelectrolytes 
 
Polyelectrolytes are polymers bearing dissociable ionic groups. They can be classified into 
natural (as e.g. DNA or enzymes), modified natural (as e.g. cellulose or chitin derivatives) and 
synthetic polymers (e.g. poly(styrenesulfonate) or poly(diallyldimethylammonium chloride)). 
Polyelectrolytes can be divided into polyanions, polycations and polyampholytes. Strong 
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(dissociation independent on pH) and weak (dissociation dependent on pH) polyelectrolytes 
of high or low charge density are known. The classification depends on the charge density and 
acidity of the functional groups 
   
1.2 Formation of Simplexes 
 
Mixing of polycation and polyanion leads to a fast formation of complexes. The formation of 
polyelectrolyte complexes (so called simplexes) is phenomenological well-known, 
generalized quantitative mechanistic or kinetic models are however not available.8 Adding a 
polyelectrolyte to a solution containing an oppositely charged polyion leads usually to a 
turbid solution ending in flocculation when the charge ratio of polyanion to polycation equals 
one. The charge density (average distance between two ionisable groups) of polyelectrolytes 
has no influence on the simplex formation.9 The formation of so called “quasi-soluble” 
complexes can be obtained by using very small concentrations10, by mixing a high molar 
mass polyion with a much shorter oppositely charged polyion in non-stoichiometric ratios11 or 
by copolymerisation of a ionic monomer with another well water-soluble but non-charged 
monomer as e.g. ethyleneoxide12 or N-isopropylacrylamide13.  
The investigation of self-assembling monodisperse complexes containing block copolymers 
with a charged and a non-charged but hydrophilic part led to many publications in the last 15 
years. Four different names are found in the literature to describe these structures. Block 
ionomer chains (BIC) is used by Kabanov14, Harada prefers the term polyion complex 
micelles (PIC)15, the expression complex coacervate core micelles (C3Ms) was established by 
Cohen-Stuart16 and the term (inter) polyelectrolyte complexes (I)PEC is used by Zezin17 and 
Gohy18. Recent studies revealed rearrangements inside the complexes though the formation of 
these complexes is very fast.19,20,21 The properties of the complexes as structure, size and 
stability strongly depend on the mixing ratios of the different blocks, the degree of charging 
and the salinity.22 Deviation from the ideal stoichiometry of polyelectrolyte complexes can 
also occur if one of the polyelectrolytes is branched23 or if an inorganic salt (e.g. NaCl) is 
present. 
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1.3 Polyelectrolytes & Surfactants 
 
Equimolar mixtures of polyelectrolytes and oppositely charged surfactants yield soluble 
complexes which is different for complexes of polycation and polyanion. The interaction of 
polyion and surfactant is mainly driven by electrostatics but also hydrophobic interactions 
investigated by different chain lengths of the surfactants are important.24 The structure of the 
polyelectrolyte is a rather secondary parameter since the single surfactant molecule can 
arrange in the favoured way.25,26 The formation of micelles is preferred in presence of 
oppositely charged polyelectrolytes and the critical micelle concentration (cmc) is lowered by 
several orders of magnitude as compared to solutions containing no polyelectrolyte. The 
complexes of polyelectrolytes and surfactants can be disassembled by adding a 
polyelectrolyte which charge is the same as the charge of the surfactant27 since the release of 
small molecular weight surfactant is entropically favoured.  
 
 
1.4 Polyelectrolyte Titration  
 
The formation of a 1:1 simplex leads to a release of all condensated low molecular weight 
counter ions. These counter ions can either be the original counter ions of the polyion or other 
ions as e.g. surfactants present in the solution. Taking advantage of both the preferred 
complexation of charged dye molecules and an environmental change of the spectra28 of this 
dye qualifies certain dye molecules to indicate the formation of a 1:1 simplex. Dye molecules 
bind to a polyion and while the polyion forms a complex with an oppositely charged polyion 
the dye molecule is released. The environment of the dye changes which is accompanied by a 
change in the colour of the dye. This colour change can be used to indicate the endpoint of a 
polyelectrolyte titration.29 The detection of the endpoint by a colour change is much more 
precise than the determination of the endpoint by the turbidity of the solution.9,30 The change 
in colour occurs also at very low polyelectrolyte concentrations when simplex-formation leads 
not necessarily to flocculation of the complexes. The titration can be used to quantify even 
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small concentrations of polyelectrolytes down to a nano-molar concentration with excellent 
reproducibility and also surfactants can be quantified by this method very accurately.31  
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Figure 1: structure of two indicator suitable for polyelectrolyte titration. Left shows Tolidine O, right 
Eriochrome black T 
 
Tolidine O and Eriochrome black T can be used as cationic and anionic indicator, 
respectively. The structures of the two indicators are shown in Figure 1. Both indicators can 
be used to indicate an excess of both polycation and polyanion since the dye changes its 
colour either if the indictor is displaced by a better complexing polyion or if the oppositely 
charged polyion is added in excess allowing the dye molecules to interact. The use of Tolidine 
O is however favoured because Eriochrome black T tends to decompose and solutions of this 
dye need to be prepared daily.32 Furthermore, also fluorescent dyes as e.g. Safranine O can be 
used to detect the presence of one polyion in excess since their fluorescent intensity is fully 
quenched. 33,34 
Polyelectrolyte titration can also be utilized to quantify the concentration of surfactants35, 
enzymes36 and charged colloids but also to investigate the quality of whisky.37 Besides 
titration also other methods to determine the concentration of polyelectrolytes as e.g. UV-VIS 
spectroscopy38, titration of dissociable acid or amine groups or titration of the counter ion can 
be utilized, preconditioned the polyelectrolyte fulfils certain criteria.   
 
 
1.5 Polyelectrolytes on Solid Substrates 
 
Sequential adsorption of oppositely charged polyelectrolytes on charged substrates (as e.g. 
solid quartz, mica) can lead to the build-up of layers.39 The amount as well as the thickness of 
 5 
adsorbed layers can be influenced by the ionic strength and by the pH-value if soft 
polyelectrolytes are used.40,41,42,43,44 The build-up of multilayers by sequential deposition of 
polycations and polyanions can, however, not be postulated in general. Offering of the second 
layer can strip off the first one45 and also changing the salinity of the solution can lead to 
desorption of the (multi)layers.46,47 The salt- or pH-induced detachment of the multilayer-
stacks can even be desired to obtain freestanding multilayer-films.48,49 
 
 
1.6 Polyelectrolyte Hollow Capsules 
 
The fabrication of polyelectrolyte multilayer is not limited to planar substrates but also 
colloidal particles as silica or latex particles can be used as substrates.50,51 Dissolving the 
template particle yields hollow capsules with adjustable wall thickness (number of layers).52 
The thickness of the wall as well as the diameter of the capsules can be furthermore tuned by 
the temperature. Multilayers consisting of poly(diallyldimethylammonium chloride) and 
poly(styrenesulfonate) undergo a transition from a glassy to a viscoelastic fluid state at 
temperatures around 35°C.53,54 The transition is reversible and can also be triggered by the salt 
concentration.55 
 
 
1.7 Poly(diallydimethylammonium chloride) (PDADMAC) 
 
One typical representative of a non hydrophobic, cationic polyelectrolyte with a high charge 
density and a high hydrolytic stability is poly(diallydimethylammonium chloride) 
(PDADMAC). The polymerisation of the monomer is initiated by a radical starter. The 
molecular mass of the polyelectrolyte can be influenced by the initiator concentration and 
characterisation is usually performed with size exclusion chromatography (GPC).56,57 The 
monomer, being prepared from two equivalents allyl chloride with one equivalent 
dimethylamine, can be easily modified with other side groups.58 Also copolymerisation with 
neutral monomers as acrylamide59 or N-isopropylacrylamide60 is possible but a homogeneous 
charge distribution in the copolymers is related to a high experimental effort due to the 
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different copolymerisation rates of DADMAC and acrylamides. Homogeneously charge 
diluted polyelectrolytes can be obtained by copolymerisation of DADMAC with N-methyl-N-
vinylacetamide (NMVA).61 Copolymerisation of DADMAC with diallylamine at low pH-
values yields polyelectrolyte bearing an amine function which can be used to tag the 
PDADMAC with a fluorescent label.62 The polydispersity of PDADMAC, usually obtained 
by free radical polymerisation, can be lowered to a polydispersity index (PDI) of 1.1 by 
reversible addition fragmentation chain transfer (RAFT) in aqueous solution.63 
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Figure 2: homo- and co-polymers of DADMAC. From left to right: PDADMAC; PDADMAC-co-
diallylamine, PDADMAC-co-NMVA 
 
 
 
 
1.8 PDADMAC & colloidal Particles  
 
One well investigated system of an adsorbing polyelectrolyte on colloidal particles is 
PDADMAC on silica particles since it serves as model system to test flocculants. Killmann et 
al. investigated the adsorption as a function of salt concentration, molecular mass of 
PDADMAC and the charge density of both the polyelectrolyte (PDADMAC-co-NMVA) and 
substrate (changing pH-values).64 The amount of adsorbed PDADMAC increased if the pH 
was raised because silanol groups on the surface became deprotonated and more negative 
charge per particle was generated. Decreasing the charge density can either be obtained by 
increasing the salinity of the solution or by copolymerisation with NMVA. Both experimental 
series led to an increase of adsorbing polyelectrolyte. Quantitative studies revealed also no 
influence of the molar mass of the PDADMAC.65,66,67 The isoelectric point of negatively 
charged particles is shifted more and more to the basic pH-region if more and more 
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PDADMAC is adsorbed.68,69 The electrophoretic mobility of the modified particles is 
reversed and the modified particles tend to flocculate at electrophoretic mobilities close to 
zero. Small angle neutron scattering (SANS) experiments revealed a thickness of the layers to 
be around one to two nanometres.70,71 Dynamic light scattering (DLS) confirms the results of 
a flat adsorbed layer of PDADMAC. Decreasing the charge density by salinity or by 
copolymerisation with NMVA leads to thicker layers up to dozens of nanometres.  
The ratio of charges on the particle surface and the fixed charges in a polyelectrolyte at 
neutral zeta potential (electrophoretic mobility, respectively) can derive significantly from 
unity. Borkovec and coworkers compared the points of charge neutralisation in several 
polyelectrolyte particle systems of opposite charge in a review concluding that the charge 
ratio at electrophoretic mobility of zero depends on the pH-value, the salinity and the charge 
density of both the particles and the polyelectrolyte.72 In all publications quantifying the 
adsorbing amount not more than 0.65 mg PDADMAC are immobilised per square-meter 
silica surface without extra added salt.73,74,75 
 
 
1.9 PDADMAC & porous Materials 
 
Negatively charged porous materials as fibres,76,77 porous microspheres78, porous glass79 or 
columns for chromatography80,81 show a dependency of the molecular weight of PDADMAC 
which is different from non-porous substrates (as e.g. quartz plates or silica particles). All 
publications show that low molecular weight polyelectrolyte binds to a bigger extend to the 
substrate than the high molecular weight one.76-81 Big attention was paid to the 
characterisation of the used polyelectrolytes, all polyions were of low polydispersity and the 
concentration of the polyions did not exceed five times the concentration needed to reach the 
constant plateau value obtained from measuring the adsorption isotherms. Increasing the 
salinity resulted first in an increase of adsorbed polyelectrolyte followed by a breakdown of 
the binding approaching salt concentrations of around one molarity. The results are also valid 
for other polyelectrolytes.82 
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2. Microgels 
 
The size of microgels is typically specified in nanometres different to macroscopic gels 
(macrogels) with dimensions of millimetres to centimetres.1,2 Microgels combine both the 
properties of (macroscopic) gels and of nanoparticles thus enabling porosity as well as 
compartmentalization. The formation of microgels can be realized by different preparation 
methods. Crosslinking of polymers or enzymes as well as precipitating polymerisation3 or 
using (micro-)emulsions4 as templates are described in the literature. An easy way to yield 
monodisperse microgels is the precipitating polymerisation.5,6 Monomers, crosslinker and 
initiator are water soluble at preparation conditions. The synthesized chains or networks, 
respectively, are however not water soluble and phase separate. Changing the solvent 
conditions either by temperature or by a different solvent leads to a different interaction 
between polymer and solvent afflicting the swelling of the particle.  
Solvent molecules need to be transported throughout the whole particle to (de-)swell the 
particle. The kinetics of the swelling is thus proportional to the square of the size of gels.7 
Microgels are therefore ideal candidates for containers performing controlled take-up and 
release especially if the microgels are stimuli-sensitive. Microgels are meanwhile sensitive to 
radiation8,9, temperature, changes in pH-value10 and even to the concentration of certain 
molecules11.  
 
 
2.1 Temperature-sensitive Microgels 
 
Poly-N-isopropylacrylamide PNiPAM features a lower critical solution temperature (LCST) 
of 32°C in water.12 This property can be utilized to polymerise NiPAM above the LCST 
yielding insoluble latex particles. Cooling below the LCST leads to swelling of the latex and 
independent chains are formed if no entanglement exists. Introducing a monomer which is 
capable to form a chemical bond between two independent polymer chains leads to the 
formation of crosslinked particle since the swelling is restricted by the chemical network. The 
transition temperature of a microgel is called volume phase transition temperature (VPTT) 
since the size and thus the volume is a parameter which can be used to characterize the 
microgel particles (compare Figure 3). The swelling is fully reversible and repetitive heating 
and cooling cycles can be conducted without a change in the properties.  
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Figure 3: temperature-dependent change in hydrodynamic radius Rhyd of a PNiPAM-microgel. 
 
 
2.1.1 Influence of Crosslinker 
 
Usually N,N´-methylenebisacrylamide (BIS) is used as crosslinker. BIS converts faster as 
NiPAM so it is unlikely that the microgels have a uniform crosslink density13 though the 
temperature induced change in properties as hydrodynamic radius is rather abrupt (compare 
Figure 3). The temperature induced collapse can be monitored by analyzing the pair distance 
distribution function (PDDF) obtained from small angle x-ray scattering (SAXS) (Figure 4). 
The structure of microgels consists of a crosslinked core and a fuzzy surface as indicated by a 
small probability for large distances at low temperatures shown in the PDDF (compare Figure 
4). Heating up leads to shrinkage of the loosely crosslinked polymer chains as indicated by 
the shift of the PDDF to smaller distances and the PDDF describes a hard sphere at high 
temperatures. The investigation of the distribution of the crosslinker by small angle neutron 
scattering (SANS)14 as well as with static light scattering (SLS)15 revealed the same results. 
The swelling ratio which is defined as the ratio of the volumes in swollen and collapsed state 
is greatly affected by the amount of crosslinker.16 Microgels have the same size after the 
synthesis in a series of microgel preparations with the amount of crosslinker as the only 
changed parameter. The degree of swelling after the synthesis achieved by cooling down the 
reaction mixture is however determined by the amount of crosslinker. This behaviour is 
demonstrated by the form factor of microgels with different amounts of crosslinker shown in 
Figure 5, right side.  
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Figure 4: Small angle x-ray scattering of a PNiPAM-microgel at different temperatures. Top: Left side 
shows the scattering intensity, right side the pair distance distribution function. Bottom: left side shows 
the radius of gyration obtained from fitting the scattering curves, right shows the hydrodynamic radius 
obtained from temperature dependent DLS measurements.  
 
Higher amounts of crosslinker lead to a shift of the form factor minima towards higher q-
values meaning that the particles are smaller because the swelling of the particles is restricted 
by the crosslinks. The minima are smeared out the higher the crosslink density. This might be 
related to multiple scattering. The concentration of samples was equal, the contrast between 
microgel and solvent increases with increasing crosslink density. The restricted swelling of 
microgels can also monitored by measuring the transmission as a function of the pH-value 
(Figure 5, left side). The particles swell if the osmotic pressure is increased by deprotonation 
of methacrylic acid groups in the microgel. 
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Figure 5: transmission and form factor of P(NiPAM-co-MAA) microgels with different amounts of 
crosslinker (in mass%). The transmission was recorded at 25°C by adding of NaOH. SLS measurements 
were done at same mass fraction of the particles at 20°C and pH 9. The microgel with 10.6 mass% BIS 
yielded no monodisperse particles.  
 
 
2.1.2 Influence of Starter 
 
Microgel syntheses are usually initiated by radical, ionic starters. Especially if other charged 
monomers are used the choice of the initiator is important. Usually potassiumperoxodisulfate 
(KPS) or ammoniumperoxodisufalte (APS) are used to start microgel synthesis but it should 
be pointed out that the rate of decomposition depends of course on the temperature but also on 
the pH and that decomposition of the initiator has also influence on the pH-value of the 
solution.17 The concentration of the initiator and its initiation efficiency, respectively, can 
have an influence on the size of the microgels.18 The starter becomes covalently incorporated 
yielding anionic, basic or neutral charges influencing the microgel19 analogous to latex 
synthesis. only electrostatic stabilisation prevents the particles from aggregation since the 
microgels are prepared above the VPTT. This stabilisation can be achieved by incorporated 
ionic starter groups.  
 
 
2.1.3 Influence of Surfactant  
 
The electrostatic stabilisation can also be provided by ionic surfactants. The size of the 
particle can be controlled by varying the amount of surfactant.20 The more surfactant is in the 
reaction mixture the bigger is the interface that can be stabilized. This means more surfactant 
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yields smaller particles.13 The surfactant can be removed by centrifugation or dialysis even 
from microgels that are oppositely charged (compare Figure 6, left side).  
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Figure 6: Influence of ionic surfactant on the temperature-dependent electrophoretic mobilities of 
microgels. Left side shows the electrophoretic mobilities of a negatively charged P(NiPAM-co-MAA)-
microgel in the presence of CTAB (cethylammoniumbromide). The microgel solution was centrifuged and 
the supernatant was replaced by water. The redispersed solution was again measured and centrifuged. 
Right side shows the electrophoretic mobilities of a pure P(NiPAM)-microgel in the absence and presence 
of the ionic surfactants CTAB (cethylammoniumbromide) and SDS (sodiumdodecylsulfonate). The 
synthesis of the microgel was done by the help of SDS, the purified microgel tends to flocculate above the 
VPTT.  
 
Microgels that had been synthesized by the help of surfactants can flocculate above the VPTT 
though KPS was used as a starter. Due to the stabilisation of the particles by surfactants 
during the synthesis the ionic groups of the KPS must not be incorporated near the surface. 
After removing the surfactant the particles are only sterically stabilized below the VPTT 
(compare Figure 6, right side).  
The place of incorporation of the ionic starter groups is however not the only influence on the 
structure of microgels. Besides the fact that microgels are smaller if a surfactant was used 
during the synthesis also the swelling ratio of the microgel with and without surfactant are 
different. In Figure 7 the temperature dependent size measurements for two P(NiPAM-co-3-
butenonic acid)-microgels are shown. The one shown on the left side was prepared in the 
absence of surfactants, the other one was prepared with surfactant (sodiumdodecylsulfonate, 
SDS, 0.2 of cmc). The tremendous differences in size in the protonated as well as in the 
deprotonated state (pH 3 and pH 9, respectively) is obvious. The swelling ratio is defined as 
the ratio of volumes at different conditions as e.g. the temperature or the state of protonation.  
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Figure 7: temperature dependent size measurements of p(NiPAM-co-3-butneonic acid) prepared without 
(left side) and with surfactant (right side). The pH of the microgel solution was either pH 9 (filled symbols) 
or pH 3 (open symbols). Heating and cooling cycles match, therefore only the heating cycle is shown. 
Please recognize the different scale bars. 
  
The swelling ratios as well as the amount of incorporated 3-butenonic acid are listed in Table 
1. The only difference consists of the absence or presence of surfactant. The surfactant was 
removed by repeated ultra-centrifugation after the synthesis.  
 
temperature induced  osmotic induced  
SDS 
pH 3 pH 9 20°C 50°C 
amount of COOH / 
mmolg-1 
without 15.9 46.5 3.7 1.3 0.274 
with 2.3 1.8 1.8 2.7 0.307 
Table 1: Swelling ratios of the two p(NiPAM-co-3-butenonic acid)-microgels shown in Figure 7. The 
amount of carboxylic acid functions was obtained by conductometric titration.  
 
Both microgels possess a similar amount of incorporated 3-butenonic acid indicating that the 
addition of surfactant has no significantly influence on the reaction parameters. The 
temperature induced swelling ratios of the two microgels are however completely different. 
Both microgels were prepared at an acidic pH-value at a temperature of 80°C. The microgel 
synthesized with surfactant is however stronger crosslinked since the swelling is more 
restricted then in the microgel prepared without surfactant. These findings lead to the 
assumption that both microgels possess not the same crosslinker distribution. The microgel 
prepared with surfactant consists of a strongly crosslinked core and small dangling polymer 
chains while the microgel prepared without surfactant is softer. The measurements of the 
electrophoretic mobilities as a function of pH-value reveal however no difference.21 
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Typically sodiumdodecylsulfonate (SDS) and cethyltrimethylammoniumbromide (CTAB) are 
used as ionic surfactants. Non-ionic surfactants had only been used to stabilize microemulsion 
serving as adjustable templates to prepare microgels up to now.22 Surfactants are also 
commonly used as model substances mimicking controlled uptake and release from microgels 
(compare also chapter 3.3). 
 
 
2.2 Microgels with charged Comonomers 
 
The copolymerisation parameters of the two monomers NiPAM and BIS are different as seen 
in the previous chapter. Adding a charged monomer as a third component gives an even more 
complicated situation.23 A couple of charged comonomers enlarged the performance of 
microgels offering not only temperature but also the pH-value or the salinity as a parameter 
which can control the properties of the particles in the last years. Models were developed to 
analyse the spatial distribution of different charged monomers or even predict the 
structure.24,25,26 The majority of the charged monomers are weak acids or amines since the 
swelling or the electrophoretic mobility of the microgels can be easily adjusted by changes in 
the pH-value of the solution. The combination of temperature- and pH-sensitive polymers 
yields multi-sensitive microgels. The so-called polyelectrolyte microgels can be used 
complementary to polyelectrolytes to interact with charged molecules as dyes27, 
surfactants28,29,30,31 or polyelectrolytes32,33. Just as the latter one, charged microgels can be 
used to build up layer-by-layer structures.34,35 Charged monomers can be incorporated by 
copolymerisation or by chemical modification of suitable precursor monomers. The 
copolymerisation of the comonomer is the preferred way to obtain charged microgels. 
Strategies for specific modifications of microgels are discussed in chapter 10. 
 
 
2.2.1 Weak acidic Comonomers 
 
The first synthesis of a microgel with acrylic acid as a weak acidic co-monomer was 
published in 1996.36 Numerous studies about microgels containing a charged monomer have 
been published since then but besides acrylic acid37, methacrylic acid38 and vinylacetic (3-
butenonic) acid39 only fumaric and maleic acid40 as well as itaconic acid41 had been used as 
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comonomers. Continuing the homologous series of unsaturated carbonic acids to allylacetic 
(4-pentonic) acid42 yields microgels without any quantitative incorporation of pH-dependent 
comonomer.  
O OH O OHO OHO OH  
Figure 8: unsaturated carbonic acids. From left to right: acrylic acid, methacrylic acid, 3-butenonic acid 
and 4-pentonic acid 
 
The polymerisation rate of the different carbonic acids shown in Figure 8 are of course not 
equal but change in the order of substitution of the double bond meaning methacrylic acid > 
acrylic acid > 3-butenonic acid > 4-pentonic acid. The differences in the polymerisation rate 
lead to different incorporated quantities and to different spatial distribution of the charged 
monomers in the microgels.43,44 The different spatial distribution of the functional monomers 
leads to a different influence of the monomers on the microgel. The swelling properties of the 
microgels are deeply influenced by the spatial distribution of the charged monomers since fast 
consumed monomers as e.g. methacrylic acid are mainly incorporated in the densely 
crosslinked core region of the microgel while slow reacting monomers are found on loosely 
crosslinked polymer chains and deprotonation of these monomers leads to a strong increase in 
hydrodynamic radius.45 
The amount of incorporated comonomer and thus the properties of the synthesized microgel 
depend strongly on the pH-value of the reaction mixture. The rate of polymerisation differs by 
a factor of 30 to 50 for different pH-values of the solution, the maximum polymerisation rates 
are found at basic pH-value around pH 11 and at low pH-values around pH 2.46 
Polymerisation of a mixture of monomers at basic pH-values leads however not to a 
copolymer-microgel but to a PNiPAM-microgel.47 The hydrophilicity of the deprotonated 
monomers prevents growing polymer chains from incorporation into the collapsed and 
hydrophobic microgel particle. On the other hand carboxylic acids can form strong hydrogen 
bonds to other carboxylic acids and to PNiPAM at low pH-values.48,49,50 Incorporation of 
carboxylic acids near the surface of collapsed microgels can lead to the formation of 
interparticle hydrogen bonding resulting in the flocculating of the particles. Microgels 
containing methacrylic acid show no tendency to aggregate at low pH-values while microgels 
with acylic acid show aggregation. The use of methacrylic acid as charged comonomer is thus 
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favoured. The flocculation of the microgels during the synthesis can be prevented by the help 
of surfactants.51  
Characterisation of the amount of incorporated monomer can be performed by conductometric 
titration. Furthermore information of the spatial distribution of the charged monomers can be 
obtained. The tendency to release protons is correlated to the neighbouring acidic groups 
different to monobasic acids and bases.52,53 The parameters influencing the strength of the 
acidic monomers in the microgel are afflicted by the sequence of the discrete monomers but 
also by the crosslink density. See chapter 6 for more information.  
 
2.2.2 Weak basic Comonomers 
 
The co-monomers used to prepare basic microgels often contain a tertiary amine group. Most 
popular monomers are vinylpyridine54 and vinylimidazole55. Publication with co-monomers 
containing primary amines are rarely found probably due to undesired side reaction of the 
amine groups.56,57,58 Cationic starter like 2,2`-azobis(2-amidinopropane) dihydrochloride are 
used instead of the anionic starter as KPS. The basic functions in the microgel can be 
quantified either by titrations or by spectroscopic methods.59   
 
2.2.3 Amphoteric Microgels 
 
Microgels containing both acidic and basic monomers are called amphoteric or betaine 
microgels. Due to the presence of both anionic and cationic charges in the microgels the 
particles are collapsed. If one species of the charged monomer becomes non-charged (e.g. by 
(de-)protonation) the microgels swell. In principal two strategies can be followed to obtain 
amphoteric microgels. The first is to add one acidic (as e.g. acrylic acid) and one basic (as e.g. 
vinyl imidazole) monomer to the synthesis.60 This leads however to a microgel where the ratio 
of acidic to basic functions represents not unity and the response of the single functional 
monomers to changes in the pH-value are different due to different spatial distribution in the 
particle.61,62 One way to overcome this is the formation of polyampholyte microgels by 
microemulsion polymerisation.63 Another way to obtain amphoteric microgels with the same 
amount of cationic and negative charges is the use of a betaine monomer.64 Also the 
properties of core-shell microgels with oppositely charged comonomers are very interesting. 
65    
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2.3 Core-shell Microgels 
 
The term core-shell microgel covers a wide range of particles in the literature. Core-shell 
microgels can be prepared by crosslinking of diblock polymers66 or by grafting of polymer 
onto prior synthesized microgels67 or nanoparticles68. Furthermore, core-shell-microgels can 
be prepared by two step synthesis. First the core is polymerised and used as a seed in a second 
reaction to yield the core-shell microgel. This sequential procedure allows the spatial 
separation of the functional or sensitive monomers.69,70 A certain interpenetration between 
material forming the core and the shell exists as revealed by nonradiative energy transfer 
(NRET)71 or small angle neutron scattering (SANS).72,73 The addition of the shell is done at 
temperatures above the VPTT. Depending on the mass of the added shell the reswelling of the 
core is hindered and the use of two temperature-sensitive polymers as core and shell, 
respectively, can lead to systems with collapsed shells serving as containers for controlled 
take-up and release. Preparing core-shell microgels with microgels or solid nanoparticles as 
cores followed by dissolving the core yields hollow microgels.74  
 
 
2.4 Microgels with incorporated fluorescent Dyes 
 
Fluorescent dyes can be provided with a double bond by various reactions. Many dyes are 
commercially available as isothiocyanates or amines. Both can be transferred to methacrylates 
by adding of (hydroxyethyl)methacrylate or by adding of methacroyl chloride, respectively.75  
Sometimes the dyes cannot stand the harsh reaction conditions and the modification has to be 
done afterwards. This procedure allows a precious control of the degree of functionalisation 
and labelling of one microgel with different dyes. Lyon and coworkers tested various ways to 
insert a fluorescent dye molecule into a microgel after the synthesis.76 Different functionalities 
can be used such as carboxylic acids (carbodiimide mediated coupling to an amine) or amines 
(introducing the dye via NHS-ester).77 Recently a method to modify a microgel with two 
fluorescent dyes simultaneously was published using click-reactions and coupling of amines 
and carboxylic acids by carbodiimides.78 Coupling between amines and carboxylic acids can 
also be performed in non-aqueous solvents by the help of N,N’-carbonyldiimidazol.79 
Quantitative conversion was obtained by coupling long chain amines to an acrylic acid 
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containing microgel.80 Labeled polyelectrolyte can also be bound to charged microgels in sub-
stoichiometric quantities to monitor the diffusion of microgels by Fluorescence Correlation 
Spectroscopy (FCS). This procedure allows the labelling of microgels with different dyes 
without changing the properties of the microgels to much. Compare also chapter 13. 
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Figure 9: estimation of the hydrodynamic radius by dynamic light scattering (DLS; open squares) and 
fluorescence correlation spectroscopy (FCS; open stars). Left side shows a PNiPAM-microgel labelled 
with flourescein, right side a PNiPAM-microgel labelled with rhodamine. The latter one tends to 
flocculate above the VPTT.  
 
 
2.5 Microgels containing Macromonomers 
 
The bond between the hydrogen atom and the tertiary carbon atom of the isopropyl group of 
NiPAM can homolyticly be broken. The remaining radical can recombine with another 
activated NiPAM moiety. This can be utilized to crosslink linear chains to give a microgel.81 
The formation of radicals can be promoted by heat- and gamma-irradiation82,83 and even 
comonomers were incorporated successfully also as linear chains.84 Introducing 
photocrosslinker into linear PNiPAM-chains allow a more sophiscated use. The degree of 
crosslinking can be controlled by the irradiation time and also other parameters as e.g. the 
molar mass of the microgels or the size of the particles in both the collapsed and the swollen 
state can be controlled.85,86,87,88,89 Single chains forming the microgel do not have to be 
monodisperse since multiple chains are used to form one microgel. Monodisperse chains 
should however be used if the macro-monomers carry only one double bond. Often the 
macromonomers are poly(ethylene glycol)methacrylates assuring the steric stabilisation of the 
particles during and after synthesis90,91,92,93 Modified polyacids can also be used as macro-
monomers altering the sequence of charged groups in a microgel.94,95 
 24 
 
 
         
  
      
  
     
 
Figure 10: possible structures of microgels: Left shows a homopolymer, middle a core-shell microgel, right 
a microgel with linear chains consisting of a different polymer 
 
 
2.6 Microgels with modular / tuneable Charges  
 
The comparability as well as the reproducibility of microgel synthesis containing charged 
monomers is rather poor since the results of the synthesis depend on factors as pH-value, 
salinity, temperature, concentration of monomers and surfactants, respectively and initiator 
efficiency. One strategy to overcome this problem is to synthesize a microgel containing a 
neutral but hydrolysable monomer as e.g. acrylates like acrylamide96, N-acryloxysuccinimide 
or tert-butyl acrylate. Hydrolysis of these monomers yields acrylic acid functions and the 
degree of hydrolysis can be controlled by the reaction time. Since spatial differently 
distributed hydrolysable functions possess different hydrolysis kinetics the comparability is 
unfortunately again limited.  
A different strategy can be realised by modular post functionalisation. A functional monomer 
able to bind to certain chemical group is incorporated during the microgel synthesis. A small 
molecule carrying the chemical groups allowing a binding to the microgel is added after the 
synthesis. The small molecule is also equipped with desired functionality as e.g. carboxylic 
acid. Using dibasic (tribasic) molecules increases the number of charges in the microgel by a 
factor of two (three). Using this strategy requires however always 100 % of functionalisation 
since a deviation may lead to a different spatial distribution of the incorporated functionalities 
and thus to a loose of the comparability. Compare also chapter 10. 
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3. Microgels & Polyelectrolytes  
 
The concept of tailoring the surface properties of materials by surfactants and polyelectrolytes 
is also valid for microgels. Adsorption of oppositely charged polyelectrolyte as well as 
absorption into the core of microgels can occur since microgels are porous materials in the 
swollen state. The determination of adsorption and absorption is not trivial since optical 
methods fail due to the sub-micrometer size of the microgels. However, microgels in the µm-
range can be probed by different microscope techniques. Fluorescently labelled polymers 
should be used to increase the contrast. Electron microscopy techniques are also not favoured 
since the particles cannot be investigated in solution. Small angle x-ray and neutron scattering 
can provide information of the structure of microgels and microgel – polyelectrolytes 
complexes. Both surfactants and polyelectrolytes can be used as model substances for either 
small drug molecules or for enzymes and bio-active polypeptides. Also the binding of 
surfactants to microgel should be discussed briefly.  
 
 
3.1 Polyelectrolytes layers on Microgel 
 
The addition of polyelectrolyte multilayer on a thermosensitive microgel was first published 
in 2004.1 The adsorption led to a change in the temperature dependent behaviour, also the sign 
of the zeta-potential was inverted. Layer-by-layer deposition on core and core-shell microgels 
revealed an “odd-even-effect” in the size depending on the layer number.2 The “odd-even-
effect” was confirmed by another study. In this particular study also the influence of salt and 
the molecular weight of the used polycation, PDADMAC, were investigated. It was claimed 
that an increase in salinity leads to the formation of thicker layers and the molecular weight of 
the polyelectrolyte has only little influence on the properties of the microgel-polyelectrolyte 
complexes.3 A proof of layer-by-layer assembly of polyelectrolyte on a microgel was done by 
fluorescence correlation spectroscopy (FCS) yielding not quantitative but only qualitative 
results.4,5 Furthermore, the idea of incorporation of nanoparticles into layer-by-layer 
assemblies was transferred on microgels.6,7 Unfortunately, non of the microgels used in these 
studies2-7 are comparable since different functional monomers (methacrylic acid and acrylic 
acid) and different microgels were used. Also the synthesis conditions (with / without 
surfactant) were different and the pH-dependency of the microgels was not considered.  
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3.2 Polypeptides & Poly(acrylic acid)-microgel Beads 
 
Bysell et al. visualized the penetration of poly-l-lysine into µm-sized poly(acrylic acid)-
microgel-beads and revealed a dependence of the depth of penetration on the molecular 
weight of the poly-l-lysine. The molecular weight of poly-l-lysine able to penetrate depends 
on the pH-value and thus on the mesh size of the bead-particles.8 Investigations of the kinetics 
and the influence of changes in the salinity revealed a dynamic equilibrium9,10 which led to 
the development of controlled binding and release for several peptide – bead combinations.11 
A comparison of poly(acrylic acid) beads and charged microgels is difficult not only because 
of the sizes. The beads consist only of acrylic acid and BIS as crosslinker while the microgels 
contain NiPAM as a main-monomer and methacrylic acid as co-monomer. Furthermore, the 
methods to prepare the particles are different. The beads were prepared by inverse suspension 
polymerisation while microgels were prepared by precipitation polymerisation. 
 
 
3.3 Microgels & Surfactants 
 
Binding of oppositely charged surfactants lead to an influence on the size and the swelling of 
the particle as well as to an altered zeta-potential.12,13 The binding is mainly driven by 
electrostatics14,15 but also non-ionic surfactants bind to microgels16. Surfactants can be 
released if the charge of the microgel is changed by the pH-value.17,18  
The release can however also be induced by diluting of the solution containing the microgel 
surfactant complex since the equilibrium between bound surfactant and free surfactant in the 
solution is not kinetically trapped. The surfactant can be removed from the complex by 
sequential centrifugation and redispersing (compare Figure 6). This weak binding requires a 
very delicate and accurate handling of the samples and even small changes in temperature and 
ionic strength lead to a shift of the equilibrium and thus to a release of bound surfactant. The 
binding of surfactant to microgels and thus the properties of the resulting complexes depends 
on the concentration of the microgel in solution, as seen in Figure 11. There, the influence of 
the sequential addition of the cationic surfactant cetylpyridinium chloride to a PNiPAM-co-
MAA microgel at pH 9 on the electrophoretic mobility is shown. The left side shows the 
influence of the total concentration of the microgel. Both experiments were performed with 
the same amount of microgel, the volume to dilute the stock solution was different. More 
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surfactant had to be added to the more diluted microgel solution before charge reversal 
occurred. The right side shows experiments performed in constant volumes but with different 
amounts of microgel (realized by different amounts of microgel stock solution). Again, higher 
concentrated solutions needed smaller amounts of surfactant to obtain charge reversal. The 
charge ratio at charge reversal cannot be used to estimate the amount of negative charges. 
Closer investigation of the development of the electrophoretic mobility reveals however a 
clear trend indicating the amount of negative charges in the microgel. The electrophoretic 
mobilities stay almost constant until one equivalent surfactant is added. Further addition leads 
to a weak binding of the surfactant leading to charge reversal at some ratio. 
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Figure 11: Poly(N-Isopropylacrylamide-co-methacrylic acid) (PNiPAM-co-MAA) microgel and the 
cationic surfactant cetylpyridiniumchloride. The x-axis denotes to the mixing ratio of the charges (positive 
charges from the surfactant to negative of MAA in the microgel), on the y-axis the electrophoretic 
mobility is shown. The measurements were performed with a zetasizer equipped with an autotitrator. The 
left side shows the influence of the total concentration, the amount of microgel is the same, the amounts of 
water used to dilute the solution is different (10 and 20 mL). The right side shows experiments at constant 
volumes but different amounts of microgel stock solution.  
 
The amount of bound surfactant can be analyzed by centrifugation of the microgel surfactant 
mixture and investigation of the supernatant by polyelectrolyte titration. These investigations 
revealed that the electrostatic interaction between charges in the microgel and the charged 
headgroups of the surfactant is dominant and that the microgel is able to bind one equivalent 
of positive charges.19 
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3.4 Scope of this Thesis 
 
The aim of this thesis is to understand the interaction of microgels and oppositely charged 
polyelectrolytes, in particular temperature and pH-sensitive poly-N-isopropylacrylamide-co-
methacrylic acid microgels and poly(diallyldimethylammonium chloride) (PDADMAC). The 
interaction of microgels and PDADMAC is supposed to be deeply influenced by the structure 
and the properties of the microgel. Quantification of the binding amount of polyelectrolyte as 
well as measurements of the electrophoretic mobility and results from scattering experiments 
will help to understand this interaction.  
The influence of the amount of binding polyelectrolyte on the properties of microgel 
polyelectrolyte complexes are extensively studied in chapter 4.  
Chapter 5 discusses rearrangements of polyelectrolytes inside the microgel. The 
rearrangements are induced by time and temperature and it could be shown that the latter can 
be used to release bound polyelectrolyte under the right conditions. Results from small angle 
neutron scattering (SANS) presented in chapter 11.4 also indicate rearrangements. 
The charged normalized amount of binding PDADMAC to the microgel depends on the 
charge density of the microgel as revealed by the binding of PDADMAC to four different 
microgels presented in chapter 6. The charge density of the different microgels was 
investigated by titration methods.  
Core – shell microgels were prepared and characterized in chapter 7. These microgels were 
used as model system to investigate if polyelectrolyte can penetrate through neutral shells 
towards charged cores. Also here neutron scattering experiments were performed (see chapter 
11.5). The SANS data showed however no differences.  
Finally, the interaction of PDADMAC to an uncharged microgel is investigated in chapter 8. 
It was found out that PDADMAC binds also to pure PNiPAM microgels, the binding amount 
is of course very low but the properties of the microgel could be altered very efficiently. In 
addition, differences between low and high molecular weight PDADMAC were found.   
The work is concluded in chapter 9. Some outlook is given there and some prospectives are 
recorded in chapter 10 since a lot of suggestions for further work remained. The experimental 
part and descriptions of using neutron scattering machines and the polyelectrolyte titration are 
listed in chapters 11, 12 and 13.  
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3.5 General Remarks 
 
Quantitative results in studies about microgels and polyelectrolyte are barely available. 
Defined amounts of polyelectrolyte were mixed with microgels instead of using excess of 
polyelectrolytes. The amounts had been quantificated by conductometric- and polyelectrolyte-
titration and helped to understand the complex interaction of microgels and polyelectrolytes. 
The ratio of microgel to polyelectrolyte in mixtures and complexes is always given as a 
charge ratio since this ratio is more significant than the mass ratio.20,21  
Zeta-potential is used as an indicator to proof overcharging of colloidal particles by 
polyelectrolytes if no quantitative data are available. Overcharging is, however, not related to 
measurements of zeta potential as shown by studies in which both zeta-potential and 
quantitative data about the composition were discussed. 22,23 Zeta-Potential is calculated from 
the electrophoretic mobility assuming that the surface of the colloidal particle is rigid. 
However, microgels and microgel – polyelectrolyte complexes exhibit a certain softness and 
thus electrophoretic mobility is more precise. Both zeta-potential and electrophoretic mobility 
are used in the discussion of the results in this thesis. 
 
 
3.6 Literature  
                                                 
1 Greinert, N.; Richtering, W.; Colloid Polym. Sci.; 2004, 282, 1146 – 1149. 
2 Wong, J.; Richtering, W.; Progr. Colloid Polym. Sci.; 2006, 133, 45 – 51. 
3 Wong, J.; Diez-Pascual, A.; Richtering, W.; Macromolecules, 2009, 42, 1229 – 1238. 
4 Wong, J.; Müller, C.; Laschewsky, A.; Richtering, W.; J. Phys. Chem. B.; 2007, 111, 8257 – 
8531. 
5 Wong, J.; Müller, C.; Diez-Pascual, A.; Richtering, W.; J. Phys. Chem.; 2009, 113, 15907 – 
15913. 
6 Wong, J.; Gaharwar, A.; Müller-Schulte, D.; Bahadur, D.; Richtering, W.; Journal of 
Magnetism and Magnetic Materials, 2007, 311, 219 – 223. 
7 Wong, J.; Gaharwar, A.; Müller-Schulte, D.; Bahadur, D.; Richtering, W.; Journal of 
Colloid and Interface Science, 2008, 324, 47 – 54. 
8 Bysell, H.; Malmsten, M.; Langmuir, 2006, 22, 5476 – 5484. 
 36 
                                                                                                                                                        
9 Bysell, H.; Hansson, P.; Malmsten, M.; Journal of Colloid and Interface Science, 2008, 323, 
60 – 69. 
10 Bysell, H.; Malmsten, M.; Langmuir, 2009, 25, 522 – 528. 
11 Bysell, H.; Schmidtchen, A.; Malmsten, M.; Biomacromolecules, 2009, 10, 2162 – 2168. 
12 Tam, K.; Ragaram, S.; Pelton, R.; Langmuir, 1994, 10, 418 – 422. 
13 Peng, S.; Wu, C.; Macromolecules, 2001, 34, 568 – 571. 
14 Nerapusri, V.; Keddie, J.; Vincent, B.; Bushnak, I.; Langmuir, 2007, 23, 7572 – 9577. 
15 Gilanyi, T.; Varga, I.; Meszaros, R.; Filipcsei, G.; Zrinyi, M.; Langmuir, 2001, 17, 4764 – 
4769. 
16 Bradley, M.; Vincent, B.; Langmuir, 2005, 21, 8630 – 8634. 
17 Bradley, M.; Vincent, B.; Langmuir, 2008, 24, 2421 – 2425. 
18 Bradley, M.; Liu, D.; Keddie, J.; Vincent, B.; Burnett, G.; Langmuir, 2009, 25, 9677 – 
9683. 
19 Kather, M.; Forscungsbericht, IPC, 2009 
20 Voets, I.; de Keizer, A.; Cohen-Stuart, Advances in colloid and Interface Science, 2009, 
147 – 148, 300 – 318. 
21 Hoffmann, I.; Heunemann, P.; Prevost, S.; Schweins, R.; Wagner, N.J.; Gradzielski, M.; 
Langmuir, 2011, 27, 4386 – 4396. 
22 Berret, J.; J. Chem. Phys., 2005, 123, 164703. 
23 Bronich, T.; Cherry, T.; Vinogradov, S.; Eisenberg, A.; Kabanov, V.; Kabanov, A.; 
Langmuir, 1998, 14, 6101 – 6106. 
 37 
4. Defined complexes of negatively charged multi-sensitive 
poly-N-isopropylacrylamide-co-methacrylic-acid microgels 
and poly-diallydimethylammonium-chloride 
 
 
 
4.1 Abstract  
 
The influence of poly-diallyldimethylammoniumchloride (PDADMAC) on negatively 
charged microgels was investigated with regards to different ratios between positive charges 
having their origin in PDADMAC and negative charges resulting from copolymerisation of 
N-isopropylacrylamide (NiPAM) with methacrylic acid (MAA). The concentration of the 
PDADMAC solution (regarding to monomeric units) was determined by argentiometric and 
polyelectrolyte titration, the amount of MAA in the microgel was characterized with 
conductometric titration. The composition of the complexes between microgel and 
PDADMAC was available by centrifugation of the mixture and comparing the PDADMAC 
concentration in the supernatant with the initial concentration. Different from many other 
systems we observed no flocculation at any microgel and PDADMAC ratio but stable 
complexes were obtained. Due to the softness of a microgel in contrast to rigid particles, the 
microgel properties are strongly altered by the polyelectrolyte. Consequently, size, zeta-
potential as well as the pH- and temperature sensitivity of the microgel-polyelectrolyte-
complexes can be influenced by the adsorbed polyelectrolyte. Thus polyelectrolyte adsorption 
allows tailoring the behavior of ‘smart’ environmentally sensitive microgels.  
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4.2 Introduction 
 
The adsorption of polyelectrolytes on oppositely charged colloidal systems has been widely 
investigated. Substrates can either be flat wafers (as e.g. glass, silica, mica) or rigid particles 
(as e.g. silica). The charge of the colloids and/or substrates is often influenced by the pH, and 
strong (pH-independent) as well as  weak (pH-dependent) polyelectrolytes have been used.1,2,3 
While the combinations of polyelectrolytes and substrate cover a wide range, the methods to 
estimate the amount of adsorbed material are not so numerous. The established methods for 
flat substrates are quartz crystal microbalance (QCM)4 and elipsometry5. The amount of 
adsorbed material on rigid spheres is mainly measured by reflectometry6. However, rather 
little intention has been paid to the adsorption of polyelectrolytes on porous but rigid colloidal 
particles.7 
In this work we investigate the composition of complexes between polyelectrolyte and 
microgels as model systems for porous, non-rigid colloids.  
Microgels are internally cross-linked spherical particles of colloidal dimensions and are used 
for different applications.8 NiPAM has a lower critical solution temperature (LCST) of 32°C 
in water, which means that the microgel transits from a hydrophilic and therefore swollen 
particle to a hydrophobic globule. The LCST of such microgels can be altered by 
copolymerisation with other, temperature-sensitive monomers.9 Besides temperature also the 
pH can be used to trigger the properties of microgels if pH-dependent monomers are 
incorporated in the microgel.10,11,12 Microgels containing amines or carboxylic acids have 
different properties such as zeta-potential or the response to pH. Mixing of oppositely charged 
microgels leads to precipitation of the complex at stoichiometric charge neutralization.13 
The behavior of these polyelectrolyte-microgel complexes is similar to complexes made of 
oppositely charged strong polyelectrolytes. Polyelectrolytes form water insoluble complexes 
over a wide ratio of polycation and polyanion.14,15 The composition of these complexes is 
mainly influenced by the salt concentration and in case of weak polyelectrolytes of course by 
the pH.16 
Instead of investigating complexes made of either oppositely charged microgels or 
polyelectrolytes, our group studies complexes made of microgels and oppositely charged 
polyelectrolytes.17 The microgel can be used as substrate to build up several layers by 
consecutive adsorption of polycations and polyanions.18,19 In this work we investigated 
complexes of a negatively charged PNiPAM-co-MAA-microgel and a strong polycation poly-
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diallyldimethylammoniumchloride (PDADMAC). Two different PDADMAC samples were 
used for adsorption experiments (i) low MW sample with MW of 10-20000 g mol-1 and (ii) 
high MW sample with MW 400-500000 g mol-1. Polyelectrolyte titration20 was used to 
determine the concentration of the PDADMAC solutions, titration with acid and base gave the 
number of titratable charges in the microgel. Solutions of microgel and PDADMAC were 
mixed in different ratios. This ratio is defined as initial charge ratio icr. After centrifugation of 
the mixture the complex was investigated and the supernatant was analyzed by means of 
polyelectrolyte titration. If the supernatant still contains PDADMAC the composition of the 
complex does not correspond to the icr. By comparing the concentration of PDADMAC in 
the supernatant as well as in the stock solution and the amount of titratable charges in the 
microgel we were able to receive the nominal charge ratio ncr which represents the true 
composition of the microgel-PDADMAC-complex.  
After the characterisation of the microgel consisting of poly-N-isopropylacrylamide and 
methacrylic acid, two sets of adsorption experiments will be presented. The first set of 
adsorption experiments was performed without adjusting the pH, the second one was 
conducted at basic pH and with two PDADMAC samples differing in the molecular weight. 
Size and zeta-potential are shown as a function of the nominal charge ratio ncr and the 
isoelectric point (IEP) of the complexes is also investigated. In the end we summarize our 
results and compare them with the literature on complexes between polyelectrolytes and 
colloidal particles. 
 
 
4.3 Experimental 
 
Materials: N,N`-methylenebisacrylamide (BIS) and potassium peroxodisulfate (KPS) were 
ordered from Merck. Methacrylic acid (MAA) was obtained by ABCR, N-
isopropylacrylamide (NiPAM) was purchased from Acros. Two different PDADMAC 
samples were used for adsorption experiments (i) low MW sample with MW of 10-20000 
gmol-1 and (ii) high MW sample with MW 400-500000 gmol-1. The low molecular weight 
PDADMAC was a gift by Katpol, Germany, the latter one was delivered by Aldrich, as well 
as Polystyrenesulfonate (PSS) with a molecular weight of 70-100000 gmol-1. Tolidine O was 
purchased from Serva Chemicals. 
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All chemicals were used without further purification. All solutions were prepared with double 
distilled water.  
Microgel synthesis: A 1L-threeneck bottle, equipped with KPG-stirrer, reflux condenser and 
nitrogen inlet was filled with 500 mL water and flushed with nitrogen at 75°C. After 45 
minutes 7.545 g NiPAM, 0.143 g BIS, 0.735 g MAA and 0.230 g KPS were added. After six 
hours the reaction was allowed to cool over night. After passing the solution through glaswool 
the solution was centrifuged in a Sorvall Discovery 90 ultracentrifuge for 45 minutes. 
Between each centrifugation the supernatant was removed and replaced by water to 
redisperse. After three cycles of centrifugation the solution was freeze dried.  
Conductometric titration: Microgel solution was transferred to a tempered titration cell 
equipped with a nitrogen inlet and diluted to a volume of 50 mL. 0.1 M HCl was added until 
solutions pH was around 3. After allowing the solution to equilibrate for 30 minutes, portions 
of 2 µL 0.1 M NaOH were added by a Methrohm 665 autotitrator. Conductivity and pH were 
measured by electrodes. The titration was performed at 25°C.  
Dynamic light scattering: Dynamic light scattering measurements were done on an ALV 
goniometer with a programmable cyrostat to control the temperature of the sample. Laser 
wavelength was 633 nm, scattering angle was 60°. The samples were highly diluted to avoid 
multiple scattering. The samples were measured at different angles at room temperature prior 
to temperature dependent runs. 
Electrophoretic mobility and zeta-potential: Measurements of the electrophoretic mobility 
were performed on a NanoZS zetasizer (Malvern). All samples had the same concentration 
with respect to the microgel (see adsorption experiments). The point of zero charge of the 
complexes was measured by titration of aqueous solutions of the complexes. All solutions 
were titrated in a range of pH 3 to 10. Results were consistent if the titration was run from 
basic to acidic conditions. The zeta-potential was calculated from the electrophoretic mobility 
according to the Smoluchowski-equation.  
Polyelectrolyte titration: The indication of a 1:1 complex between polycation and polyanion 
by a dye responding to an excess of one polyion was first described 195221. We use a 
fototitrator which was a gift by BASF and described by Horn22. A PSS solution was added by 
an autotitrator to a sample of PDADMAC which was diluted with approximately 100 mL 
water. 20 µL of a 2 mM Tolidine O solution was added as indicator. Every PDADMAC-
solution was titrated a least three times to evaluate the concentration. The concentration of the 
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PDADMAC stock solutions was estimated by polyelectrolyte and argentiometric titration: 
Ag+ was added to determine the concentration of the chloride counter ions of the polycation. 
Adsorption experiments: Solutions of PDADMAC and microgels were mixed; water was 
added to give a total volume of 10 mL. After three days the mixture was centrifuged for 30 
minutes at 50000 rpm in a Sorvall Discovery 90SE. The supernatant was removed carefully 
and kept for further experiments. 5 mL water was added to the precipitate in the 
centrifugation tube to redisperse the microgel-polyelectrolyte-complex. After two days the 
redispersed complex was investigated by different techniques. Prior to use, samples of all 
polyelectrolyte solutions were centrifuged at 50000 rpm for 30 minutes. No precipitate was 
formed and the supernatant had the same polyelectrolyte concentration as the starting 
solution.  
 
4.3 Results and discussion 
 
4.3.1 Characterization of the polyelectrolyte microgel 
 
Figure 1 shows the result of the conductometric titration that was carried out at 25°C. The 
microgel starts to deprotonate at pH 4 and is fully deprotonated at pH 9. The pKs of the 
microgel is 6.19, the pKs of pure poly-methacrylic acid is 6.50
23. The titration starts with an 
excess of HCl, adding of NaOH leads to a decrease due to removal of protons. From the 
weight of the titrated microgel and the buffering area, the amount of methacrylic acid was 
estimated to 11.5 wt%, though the amount in the feed was only 8.5 wt% (see table 1). This 
indicates a preferred incorporation of MAA in the microgel because the yield of the reaction 
was only about 70%. Different copolymerisation rates of MAA and NiPAM24,25 as well as 
effects depending on the pH have to be taken into account. Table 1 shows the initial amounts 
used in the microgel synthesis. The big amount of MAA in the microgel has a large impact on 
the radius and the swelling properties of the microgel. 
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Figure 12: Results of the conductometric titration of the PNiPAM-co-MAA microgel. The change of pH 
and conductivity with added volume NaOH is shown. From this titration the degree of protonation as a 
function of pH was determined (compare figure 3).  
 
As seen in figure 2 the size of the microgel depends on the pH because of the MAA but also 
on the temperature due to the NiPAM.  
 
monomer molar mass 
[g mol-1] 
mass 
[g] 
th. amount 
[wt %] 
NiPAM 113.16 7.5447 87.20 
BIS 154.17 0.1429 1.65 
MAA 86.09 0.7345 8.49 
KPS 270.33 0.2296 2.65 
Table 2: Molar masses, used amounts and theoretical amounts of the different monomers in the 
synthesized microgel  
 
At high pH values the microgel is highly swollen and shows only a weak temperature-
sensitivity. The lower the pH is, the smaller the radius of the microgel and the temperature 
sensitivity is more pronounced. The microgel can collapse strongly if the microgel is almost 
completely protonated.  
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Figure 13: Hydrodynamic radii of the microgel at different pH-values as a function of temperature. Filled 
symbols represent the heating curve, open symbols the cooling cycle. The pH of the samples was adjusted 
by dilute HCl and NaOH respectively. The pH was determined at 20°C after the DLS measurements. 
 
The hysteresis in the size measurements may occur because of rearrangement of weakly 
crosslinked chains26,27,28 and because of temperature-dependent equilibrium between 
microgels acid strength and the surrounding solution.29 Not only the hydrodynamic radius but 
also the zeta-potential of the microgel is influenced by the pH as shown in figure 3. The 
degree of deprotonation was derived from the titration data shown in figure 1 and is also 
plotted in figure 3. The higher the pH the more MAA units are deprotonated leading to a 
higher zeta-potential. If instead the microgel is fully protonated, the zeta-potential equals 
almost zero. The zeta-potential at 40°C is different from the one at 25°C for low pH-values 
when the microgel is uncharged. At 40°C and low pH the microgel is collapsed but above pH 
6 the influence of the MAA is so pronounced that it swells again and gives similar zeta-
potentials as at 25°C. Zeta-potential and the degree of protonation are not parallel to each 
other which could be due to different concentration during the individual measurements. In 
addition, titration reaches all titratable charges within the microgel, while the zeta-potential is 
influenced by the charges near the surface.30,31,32 
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Figure 14: Degree of protonation and zeta-potential at 25°C (filled symbols) and 40°C (open symbols) in 
dependence of the pH. 
 
4.3.2 Microgel-polyelectrolyte-complexes 
 
In the following we discuss the complexes formed by the negatively charged microgel and 
PDADMC; two PDADMAC samples with different chain length were employed. We will 
term the ratio of positive charges originating from the PDADMAC and the number of 
titratable negative charges of the microgel as initial charge ratio, icr. This ratio thus 
characterizes the initial microgel-PDADMAC mixture. The microgel-PDADMAC-complexes 
will be characterized by the nominal charge ratio, ncr. The nominal charge ratio thus 
describes the ratio of PDADMAC to microgel charges after separation of excess 
polyelectrolyte. 
Two series of experiments were done in order to investigate the adsorption of PDADMAC on 
the microgel. Microgel and PDADMAC were mixed at initial charge ratios of icr = 0…1.3. 
After three days the pH was measured and the solution was centrifuged. The supernatant was 
investigated by means of polyelectrolyte titration to establish the amount of non bound 
PDADMAC. The difference between the concentration of the supernatant and the initial 
concentration of PDADMAC represents the adsorbed amount of PDADMAC and allows 
calculating the nominal charge ratio.  
The results of these experiments are shown in figure 4. As soon as PDADMAC is added to 
the microgel solution, the pH decreases because PDADMAC replaces the protons bound to 
the MAA units in the microgel. The more PDADMAC is added the lower the pH becomes. 
Up to an icr of 0.7 the complete amount of PDADMAC is adsorbed, and the ncr matches the 
icr. The pH-value of the solution changed by two units from six to four.  
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At icr > 0.8 no complete adsorption was observed. The pH stays constant at around 3.6. 
Though the icr is increased up to 1.3 the ncr tends to a constant value of 0.9. The microgel is 
not able to bind extra polyelectrolyte as the microgel is less charged under acidic conditions. 
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Figure 15: Adsorption of low MW PDADMAC on microgel without adjusting the pH of the solution. 
Experiments were done with the same amount of microgel but different amounts of PDADMAC. The 
drawn line equals one, the amount of MAA in the samples equals 13.02 µmol each (if the microgel is fully 
deprotonated). Filled symbols represent the nominal charge ratio at a given initial charge ratio. The pH-
value of the complexes are shown as open symbols. 
 
In order to adsorb PDADMAC at constant conditions the second set of experiments was 
conducted at constant temperature (room temperature), same amount of added sodium 
hydroxide, same total volume of sample but different amount of PDADMAC. The 
compositions as well as properties of the received complexes are listed in table 2.  
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The initial ratio of PDAMAC to microgel was varied in a broad range up to an initial charge 
ratio of 10. The ratio icr of 0 represents the pure microgel at a pH of 9. As shown in figure 5 
the ncr equals the icr for icr < 1 for the low molecular weight PDADMAC. Adsorption of 
low molecular weight PDADMAC       
initial 
charge 
ratio        
PE+ / MG- 
added   
amount 
PDADMAC 
[µmol] 
adsorbed 
amount 
PDADMAC 
[µmol] 
nominal 
charge  
ratio          
PE+ / MG- 
Rh       
20°C 
[nm] 
Rh      50°C 
[nm] 
zeta-
potential  
20°C 
[mV] 
adsorbed  
amount PDADMAC  
[mg] /  [mg microgel] 
0.0 0 0 0 475 430 - 24.2 0 
0.2   1.35   1.35 0.208 333 128 - 23.2 0.042 
0.4   2.70   2.70 0.415 331 169 - 24.3 0.085 
0.6   4.04   4.04 0.623 235 170 - 25.3 0.127 
0.8   5.39   5.39 0.830 239 153 - 16.2 0.169 
1.0   6.74   6.56 1.011 218 165      2.0 0.205 
2.0 13.48   7.54 1.161 220 172    43.9 0.251 
3.0 20.21   8.12 1.250 238 150    47.3 0.266                
4.0 26.95   8.96 1.380 236 148    53.5 0.283 
4.3 27.99   9.08 1.399 239 170  0.308 
5.0 33.69 10.30 1.587 243 153    50.8 0.323 
        
high molecular weight PDADMAC       
initial 
charge  
ratio       
PE+ / MG- 
added  
amount 
PDADMAC 
[µmol] 
adsorbed 
amount 
PDADMAC 
[µmol] 
nominal 
charge  
ratio          
PE+ / MG- 
Rh       
20°C 
[nm] 
Rh      50°C 
[nm] 
zeta-
potential  
20°C 
[mV] 
adsorbed  
amount PDADMAC  
[mg] / [mg microgel] 
0.0 0 0 0 475 430 - 24.2 0 
0.2   1.29 1.29 0.198 287 135 -35.9 0.044 
0.4   2.58 2.57 0.395 285 135 -39.3 0.089 
0.6   3.87 3.86 0.593 255 135 -24.3 0.133 
0.8   5.17 5.15 0.791 224 185 -20.3 0.177 
1.0   6.46 6.25 0.960 238 208 26.0 0.215 
1.5   9.76 7.65 1.176 216 168 41.0 0.247 
2.0 12.92 8.11 1.246 218 145 50.6 0.266 
4.0 25.83 8.62 1.323 219 146 60.5 0.294 
6.6 43.05 9.37 1.439 288 251 67.7 0.298 
11.0 71.75 9.84 1.511 395 173 70.1 0.338 
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PDADMAC still takes places, also beyond the point of charge equality. Also the large 
molecular weight PDADMAC adsorbs completely if icr < 1. But while the low molecular 
shows a clear breakpoint at an initial charge ratio of one the high molecular weight 
PDADMAC shows this breakpoint at an initial charge ratio of 1.2 which means that the 
interaction between the microgel and the PDADMAC with different size is not the same. Not 
only this breakpoint but also the amount of adsorbed PDADMAC beyond charge equality is 
different. While 13% of the low molecular weight PDADMAC is adsorbed, only 3 % of the 
offered high molecular weight PDADMAC is adsorbed at initial charge ratio icr>1. In the 
following, complexes are described by the nominal charge ratio ncr.  
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Figure 16: Stoichiometry of the complexes as function of the initial charge ratio of PDAMAC and 
microgel. The complexes made of microgel and low molecular weight PDADMAC are shown as filled 
squares, those of microgel and high molecular weight PDADMAC as open circles. The lines are linear fits 
for initial charge ratios bigger than 1.  
 
Figure 6 shows the hydrodynamic radii at 20°C for the complexes made of microgel and 
different amounts of PDADMAC. The radii of the complexes decrease first. The influence of 
both molecular weights is more or less the same below a nominal charge ratio of one. The 1:1 
complex of microgel and the low molecular weight PDADMAC has the smallest particle size. 
  
 48 
-0,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8
200
250
300
350
400
450
500
 low MW
 high MW
R
 h
y
d
 (
n
m
)
nominal charge ratio PE+ / MG-
 
 
Figure 17: Hydrodynamic radii at 20°C of the complexes obtained by mixing microgel and PDADMAC. 
Filled squares represent complexes between microgel and low MW PDADMAC open circles those made of 
high MW PDADMAC and microgel.  
 
For bigger nominal charge ratios, the radius increases slightly. The complexes of the high 
molecular weight PDADMAC shows its minimum size at ncr ≈ 1.2. The radii of the 
complexes prepared with a big excess of the long chain PDADMAC grow again. The rise in 
size was not caused by flocculation as proven by angular dependent DLS-measurements.  
Figure 6 shows only the radii at 20°C. All complexes were investigated at different 
temperatures to see whether the complexes maintain their temperature sensitivity. The 
samples were heated up to 50°C and cooled down again to 20°C. Temperature-dependent 
measurements of three different complexes are shown in figure 7. The more PDADMAC is 
adsorbed, the lower the radius in the swollen state becomes (compare figure 6). However, at 
temperatures above the LCST the complexes can no longer collapse completely because the 
complex contains more material that furthermore acts as a type of physical crosslinker. The 
more PDADMAC is adsorbed the stiffer the complex becomes, in other words the ratio of the 
radii in swollen and collapsed state becomes smaller. 
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Figure 18: Results of DLS from different complexes. Filled symbols represent heating curves, open ones 
cooling curves respectively. (Squares and triangles show complexes of low MW PDADMAC with ratios of 
0.2 and 1.25 low MW PDADMAC, circles show a complex consisting of microgel and an excess of 1.18 of 
high MW PDADMAC). 
 
However, the influence on the swelling ratio does not only depend on the adsorbed amount 
but also on the molecular weight of the adsorbed PDADMAC. Less adsorbed amount of the 
high molecular weight PDADMAC leads to a stiffer complex, for the complex is smaller in 
the swollen but bigger in the collapsed state (see circles in figure 7). Apparently the large 
PDADMAC chains lead to more physical crosslinks and alter the swelling properties more 
effectively.  
The zeta-potentials of the complexes at 20°C are shown in figure 8. First the zeta-potential of 
the complexes stays constant or becomes even more negative by adding PDADMAC. Getting 
closer to a nominal charge ratio of one the zeta-potential approaches towards zero and finally 
it turns positive with increasing adsorbed amount of PDADMAC. The zeta-potential for 
complexes of microgel and low MW PDADMAC equals zero for a nominal charge ratio of 
one as expected. The zeta-potential of the complexes made of microgel and the long chain 
PDADMAC equals zero already at a nominal charge ratio of around 1:0.865.  
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Figure 19: Measured zeta-potentials of the complexes at 20°C. Filled squares represent complexes made of 
microgel and short chain PDADMAC, open circles those of microgel and long chain PDADMAC. Lines 
are a guide to the eye. 
 
It was shown that the pH has an influence on the microgel as well as on the microgel-
PDADMAC- complex (compare figure 4). The zeta-potentials of the complexes were 
measured at different pH in order to check that the measurements presented in figure 8 are not 
affected by a pH effect.  
Complexes of both PDADMAC samples with ncr < 1.15 changed the sign of the zeta-
potential when the pH was varied between pH 3 and 10. With higher ncr the isoelectric point 
(IEP) was shifted to more basic pH. Since the complex with ncr < 1.15 still have “unlocked” 
methacrylic acid functions, the complex can still adsorb and release protons. The number of 
negative charges can vary with pH while the number of positive charges stays constant.  
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Figure 20: Isoelectric points of complexes made of low MW PDADMAC (filled squares) and high MW 
PDADMAC (open circles) at different ratios. Complexes of given ratio are negatively charged if pH of the 
solution is higher than the IEP. 
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4.3.3 Comparing the results to the literature  
 
Most polyelectrolyte-complexes with a one to one composition are insoluble in water. Also 
complexes made of polyelectrolytes and other colloidal systems show flocculation at ncr 
below one.33,34,35 However, the complexes of microgel and polyelectrolyte investigated in this 
study did not precipitate. Only the high MW PDADMAC-microgel-complex at a ncr = 0.79 
and the complex made of low MW PDADMAC and microgel with a ncr = 1.01 precipitated 
but only above the LCST. In this case precipitation occurs due to the lack of electrostatic 
(compare figure 8) and steric stabilisation. 
Charge reversal is achieved at high icr, similar to other colloidal particles.1,36,37 The high MW 
PDADMAC-microgel-complexes revealed charge reversal at ncr<1, indicating that not all 
ionic groups of the microgel are accessible for the linear polycation. On the other hand, the 
zeta-potential stays constant at negative values for ncr<1 in contrast to non-porous rigid 
spheres.4,38,39 Analogous behaviour was observed by Kokufuta et al. for cationic microgels 
and polyanions.40 Our results indicate that the polycation is able to partially penetrate the 
microgel. A similar observation was reported for the adsorption of poly-L-lysine on 
micrometer-sized polyacryclic acid beads.41  
Since polyelectrolytes can penetrate the microgel one could argue that the term “absorption” 
describes the microgel-polyelectrolyte interaction better than the term “adsorption”. The 
degree of penetration will depend on the ratio of polyelectrolyte chain length and mesh-size of 
the microgel network. However, even the mesh-size is not monodisperse and the segment 
density inside the microgel is not homogenous.42 
Our results reveal different behaviors for the low and high MW PDADMAC samples used in 
this study. In addition, the observation of charge reversal and the possibility to form 
polyelectrolyte multilayers17,18 demonstrate that the particle surface is covered by the 
polyelectrolyte. Therefore we prefer the term “adsorption”, however, keeping in mind that 
“absorption” also occurs.   
The zeta-potentials of the complexes depend on the adsorbed polyelectrolyte amount as is 
known for other colloidal systems. However, due to the softness of a microgel in contrast to 
rigid particles, the microgel properties are altered by the polyelectrolyte. Thus the microgel’s 
swelling behavior, especially its sensitivity to pH and temperature, is strongly influenced. 
Obviously, polyelectrolyte adsorption provides a different means for tailoring the behavior of 
environmentally sensitive microgels. 
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4.4 Summary 
 
The properties of complexes made of microgel containing negative charges and PDADMAC 
depend on the ratio of these two components. The ratio refers to the titratable MAA units in 
the microgel (determined by acid / base titration) and the positive charges of the PDADMAC 
(analyzed by polyelectrolyte and chloride titration). 
Polyelectrolyte titration provides a sensitive and easy method to monitor the concentration of 
a polyelectrolyte solution. The titration allows determining not only the initial charge ratio of 
a solution of microgel and polyelectrolyte but also the nominal charge ratio of the obtained 
complexes.  
The properties of the complexes like size and zeta-potential depend on the adsorbed amount 
and the molecular weight of the adsorbed polyelectrolyte. 
As polyelectrolyte adsorption allows tailoring the behaviors of ‘smart’ microgels, the 
microgel architecture will be relevant as well. The distribution of charges inside the microgel 
will also affect the swelling properties43. Especially core-shell-microgels are interesting44,45 
and will be investigated in the future. 
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5. Rearrangements in and release from responsive 
microgel-polyelectrolyte complexes induced by 
temperature and time 
 
 
 
5.1 Abstract 
 
The binding of polyelectrolyte to a temperature- and pH-responsive microgel based on poly-
N-isopropylacrylamide (PNiPAM) copolymerized with methacrylic acid (MAA) as soft and 
porous substrate was investigated as function of time and temperature in order to probe 
rearrangements in such complexes. Oppositely charged polyelectrolytes bind to the charged 
microgels and the composition of the resulting complexes stays constant with time.        The 
number of titrable COOH groups, size and electrophoretic mobility of the complexes, 
however, change with time due to rearrangements of polyelectrolyte chains inside the 
microgel. 
Polyelectrolyte can be used to modify the properties of microgels. The volume phase 
transition temperature (VPTT) of PNiPAM-co-MAA microgels depend on the pH-value while 
microgel polyelectrolyte complexes collapse above the VPTT of 32°C independently of the 
pH-value. The experiments reveal that polyelectrolyte can be partially released from 
microgel-polyelectrolyte complexes at T>VPTT. In addition, rearrangements are induced by 
the collapse. Rebinding of polyelectrolyte occurs upon reswelling of the complex when the 
temperature is reduced below the VPTT. Such temperature cycles affect size and 
electrophoretic mobility of complexes. The rearrangements can be used to increase the 
amount of polyelectrolyte that is bound to the microgel and are thus important for applications 
that rely on loading microgels with polymers. Interestingly the colloidal stability of the 
complexes at T>VPTT depends on the preparation temperature: complexes prepared at 
T<VPTT remain colloidally stable when heated to T>VPTT; on the other hand, complexes 
prepared at T>VPTT display poor colloidal stability.  
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5.2 Introduction 
 
Microgels are soft and porous polymer particles of colloidal dimension. Often, N-
isopropylacrylamide (NiPAM) is used as principal monomer providing the microgel with 
thermo-sensitive behaviour.1 The temperature determines the quality of the solvent and the 
size of microgels can hence be changed. The temperature at which the volume of the microgel 
changes is called volume phase transition temperature (VPTT). In addition, charged co-
monomers as e.g. methacrylic acid (MAA) can be incorporated into microgels. (De-
)protonation of charged co-monomer leads to a change in size of microgels due to changes in 
the osmotic pressure. Thus the state of protonation and temperature can be used to control the 
properties of these multi- (pH- and thermo-) sensitive microgels.2,3,4,5,6,7,8,9,10,11  
Charged microgels can be used to bind oppositely charged ions12,13, surfactants14,15,16,17 or 
polyelectrolytes.18,19,20,21 Especially the formation of complexes consisting of microgels and 
polyelectrolytes offers a wide range of potential applications since microgels combine both 
porosity and compartmentalization. These properties and the thermosensitivity of PNiPAM 
make microgels ideal candidates for controlled take-up and release.22,23,24,25,26,27 Furthermore, 
microgels can be used as carriers in (enzyme-)catalysis.28,29  
The binding of polyelectrolyte to microgels yields stable complexes at any ratios of 
polyelectrolyte to microgel.30 In addition, the VPTT of the microgel-polyelectrolyte 
complexes does not depend on the pH-value, in contrast to the swelling of the pure PNiPAM-
co-MAA microgels which strongly depends on the pH-value.30 This is different from 
polyelectrolyte complexes as well as from complexes of polyelectrolyte and rigid particles as 
e.g. latex or silica31,32,33 but similar to complexes of polyelectrolytes and charged diblock 
polymers.34,35,36,37,38 The properties of microgels as size and electrophoretic mobility can be 
tuned by the amount of bound polyelectrolyte.30 Polyelectrolytes can penetrate into 
microgels39 and the charge density of the microgels determines the amount of bound 
polyelectrolyte.40 
 
In this study, the influence of time and temperature on the binding of the strong 
polyelectrolyte poly(diallydimethylammoniumchloride) (PDADMAC) to a poly-N-
isopropylacrylamide-co-methacrylic acid microgel (PNiPAM-co-MAA) was investigated. The 
bound amount as well as the properties of the resulting complexes as size and electrophoretic 
mobility may change with time since both penetration and rearrangements of the 
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polyelectrolyte in the soft and porous microgel may occur. The temperature-sensitivity of the 
PNiPAM-based microgel may also cause rearrangements due to the change in size at 
T>VPTT. Furthermore, temperature can be used as trigger to release polyelectrolyte from a 
microgel-polyelectrolyte complex.  
The measurements discussing the influence of time are described in the first part of the paper. 
Solutions of microgel and PDADMAC were mixed at constant ratio and stored for different 
times before excess polycation was removed by centrifugation. Both, the composition of the 
complexes and properties such as size and electrophoretic mobility are analyzed.  
In the second part, results from measurements at different temperatures are presented. The 
composition of microgel-polyelectrolyte complexes was determined in dependence of the 
offered amount of PDADMAC at T>VPTT. Furthermore, mixtures of constant ratios of 
microgel and PDADMAC were prepared at T<VPTT and annealed and separated at T>VPTT 
(T<VPTT, respectively) in order to investigate a possible dynamic change of the composition 
with temperature.  
 
 
5.3 Experimental 
 
Materials: N,N`-methylenebisacrylamide (BIS) and potassium peroxodisulfate (KPS) were 
ordered from Merck. Methacrylic acid (MAA) was obtained by ABCR, N-
isopropylacrylamide (NiPAM) was purchased from Acros. PDADMAC with low MW (10-
20kg mol-1) was a gift by Katpol, Germany, and polystyrenesulfonate (PSS) with a molecular 
weight of 70-100 kg mol-1 was delivered by Aldrich. Tolidine O was purchased from Serva 
Chemicals. All solutions were prepared with double distilled water. 
Microgel synthesis: A 1L-threeneck bottle, equipped with KPG-stirrer, reflux condenser and 
nitrogen inlet was filled with 500 mL water and flushed with nitrogen at 75°C. After 45 
minutes 7.545 g NiPAM, 0.143 g BIS (1.7 mass%), 0.735 g MAA (8.7 mass%) and 0.230 g 
KPS were added. After six hours the reaction was allowed to cool over night. The solution 
was centrifuged in a Sorvall Discovery 90 ultracentrifuge for 45 minutes at 200,000 g. 
Between each centrifugation the supernatant was removed and replaced by water to 
redisperse. After three cycles of centrifugation the solution was freeze dried. The titration data 
as well as the pH- and temperature-dependent of the hydrodynamic radius Rh and the 
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electrophoretic mobility of the microgel are given in the Supporting Information. The 
microgel was also used in other studies.30,40  
Binding experiments: Several conditions were changed during the binding experiments as 
outlined further below. Mixtures of microgel and PDADMAC were mixed in centrifugation 
tubes. The mixtures were centrifuged at 50000 rpm for 30 minutes in a Sorvall Discovery 
90SE. The supernatant was removed carefully and kept for further experiments. The 
microgel-polyelectrolyte complexes were redispersed and investigated by different 
techniques. It was confirmed that the polyelectrolyte does not sediment under these 
centrifugation conditions (50000 rpm for 30 minutes).  
a) time-dependent binding experiments  
1 mL of a 1 wt% solution containing deprotonated microgel (pH=9) was diluted with water 
and PDADMAC solution. The ratio of PDADMAC and microgel was 4:1 regarding the 
charges. The mixtures were centrifuged after appropriate times. 5 mL water was added to the 
precipitate in the centrifugation tube to redisperse the microgel-polyelectrolyte-complexes. 
The redispersed complexes were investigated by different techniques.  
b) composition as function of offered amount of PDADMAC at T>VPTT  
Stock solutions of PDADMAC and deprotonated microgel (pH=9) were stored at T=40°C 
over night. The solutions were mixed at different ratios and stored for two days at T>VPTT 
before the mixtures were centrifuged at T>VPTT.  
c) composition as function of temperature  
Stock solutions of PDADMAC and deprotonated microgel (pH=9) were mixed in a ratio of 
4:1 regarding the charges at T<VPTT. The conditions were changed periodically each 24 
hours to T>VPTT (T<VPTT, respectively). The solutions were stored for 24 hours at 
T<VPTT and at T>VPTT the next day. One sample was centrifuged at T>VPTT (T<VPTT, 
respectively) when the storage conditions were changed to determine the composition of the 
complexes (compare also Figure 4). 
Polyelectrolyte titration: The indication of a 1:1 complex between polycation and polyanion 
by a dye responding to an excess of one polyion was first described 1952.41 We use a 
fototitrator which was a gift by BASF and described by Horn.42 A PSS solution was added by 
an autotitrator to a sample of PDADMAC which was diluted with approximately 100 mL 
water. 20 µL of a 2 mM Tolidine O solution was added as indicator. Every PDADMAC-
solution was titrated at least three times to evaluate the concentration. The concentration of 
the PDADMAC stock solutions was estimated by polyelectrolyte and argentiometric titration: 
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AgNO3 solution of known concentration was added to determine the concentration of the 
chloride counter ions of the polycation. 
Titration: Solutions containing the microgel-PDADMAC complexes were transferred to a 
temperature controlled titration cell equipped with a nitrogen inlet and diluted to a volume of 
50 mL. 0.1 M HCl was added until the pH of the solution was around 3. After allowing the 
solution to equilibrate for 30 minutes, portions of 2 µL 0.1 M NaOH were added by a 
Methrohm 665 autotitrator. Conductivity and pH were recorded. The titrations were 
performed at 25°C.  
Dynamic light scattering: Dynamic light scattering measurements were done on an ALV 
goniometer with a programmable cyrostat to control the temperature of the sample. Laser 
wavelength was 633 nm, scattering angle was 60°. The samples were highly diluted to avoid 
multiple scattering and measured at different angles at room temperature prior to temperature 
dependent runs. The samples were equilibrated for 20 minutes at each measurement. 
Measurements were performed for 180 seconds.  
Electrophoretic mobility:  Measurements of the electrophoretic mobility were performed on 
a NanoZS zetasizer (Malvern). The values of the electrophoretic mobility were not converted 
to a zeta-potential. The usual hard-sphere model may not be used to convert the 
electrophoretic mobility to a zeta-potential, since the microgels are porous, soft and swollen 
by the solvent.43  
 
5.4 Results and discussion 
 
Since the microgel was already used in two other studies30,20, some results are briefly 
repeated. The microgel is weakly crosslinked and contains 11.5 mass% methacrylic acid. The 
charged comonomer is mainly incorporated near the core-region of the microgel and as a 
consequence the charge density in the core is high.40 The size of the microgel is influenced by 
temperature and pH-value (see Supporting Information and compare lit 26). The influence of 
the pH-value, however, disappears as soon as PDADMAC binds to MAA sites in the microgel 
and the size of microgel - polyelectrolyte complexes depends only on temperature. It is worth 
mentioning that even complexes with a 1:1 composition and vanishing electrophoretic 
mobility are colloidally stable. Hysteresis during temperature-dependent measurements of 
size and electrophoretic mobility of the microgel-polyelectrolyte complexes was observed in 
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previous studies20,30,44 indicating rearrangements in and / or changes of the composition of the 
complexes with time and temperature and motivated this study. Data obtained from 
measurements of size and / or electrophoretic mobility do not allow distinguishing whether 
rearrangements or changes in composition cause this hysteresis. 18,30,19,44 We thus probed the 
microgel – polyelectrolyte complexes by titration methods to probe the amount of titrable 
COOH groups to detect rearrangements of polyelectrolyte within the microgel as well as 
quantifying the amount of bound polyelectrolyte to determine the composition of the 
complexes in order to study release or enhanced binding of polyelectrolyte on the microgel. 
Titration was found to be superior over measurements of size and / or electrophoretic 
mobility. We could show in a recent study that polyelectrolyte binds in significant quantities 
to a microgel but its properties as size and electrophoretic mobility remained constant.39  
 
5.4.1 Influence of time  
 
Constant ratios of PDADMAC and microgel were mixed and stored for different times before 
excess polycation was removed by centrifugation (compare Figure 1). The amount of negative 
charges in the microgels at a certain concentration is known from titrations. Furthermore, 
polyelectrolyte and argentiometric titration enable us to determine the concentration of 
PDADMAC solutions. The ratio between positive charges from the PDADMAC and the 
negative charges of the microgel is named initial charge ratio, icr.  
Adding a certain amount of PDADMAC to a microgel does not necessarily lead to full 
binding of PDADMAC, so the true composition of the microgel-polyelectrolyte complex can 
vary from the icr. The solution containing the mixture of microgel and PDAMAC was 
centrifuged, the complex forms a redispersable precipitation while not attached PDADMAC 
stays in the supernatant and was separated. The amount of PDADMAC in the supernatant was 
quantified and thus allows calculating the amount of PDADMAC bound to the microgel. In 
the following, the composition of the complexes will be characterized by the nominal charge 
ratio, ncr. The ncr cannot be bigger than the icr. If the ncr=icr all PDADMAC is bound to the 
microgel. The use of icr and ncr allows comparing the binding of different microgels with 
polyelectrolytes. In addition, the determination of the composition of the complexes by means 
of titration of the supernatant was found to be more sensitive than measurements of size and 
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t=0.5 hours 
t=480 hours 
complex  ncr = 1.31  Rh = 185 nm µ = 1.97 10
-8 m2V-1s-1 
 
complex ncr = 1.33  Rh = 229 nm µ = 2.18 10
-8 m2V-1s-1 
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T<VPTT 
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complex ncr = 1.32  Rh  = 190 nm µ = 2.15 10
-8 m2V-1s-1 
 
t=100.0 hours 
electrophoretic mobility because size and electrophoretic mobility do not necessarily change 
upon binding of polyelectrolyte.39 
PDADMAC and microgel were mixed with an icr=4, meaning the number of positive charges 
from the polycation was four times the number of negative charges from MAA in the 
microgel. The mixtures were centrifuged after different times.  
 
 
 
 
 
 
 
 
 
Figure 1: Schematic presentation of the experiments yielding information on the influence of time. 
Polyelectrolyte and deprotonated microgel (pH=9) were mixed at constant ratio (icr=4) and stored for 
different times. The composition of the microgel-polyelectrolyte complexes (ncr) was determined as well as 
the size and electrophoretic mobility of the complexes after centrifugation.  
 
 
Table 4: Time-dependent development of the microgel-PDADMAC complexes. Compare also Figure 1 and 
Figure 2. 
time / h 0.5 2.5 6.0 24.0 48.0 74.0 100.0 480 
ncr 1.31 1.32 1.29 1.24 1.38 1.33 1.33 1.33 
titratable 
COOH / % 
62.4 58.7 49.5 31.2 27.5 27.5 26.6 26.9 
 
Results of the time-dependent experiments are listed in Table 1 and shown in Figure 1 and 
Figure 2. The composition of the complexes does not change with time but stays constant at 
ncr≈1.31. However, hydrodynamic radius and electrophoretic mobility change with time. 
Both properties increase with proceeding equilibration time. In addition, the amount of 
titratable COOH sites in the complexes was probed by conductometric titration. The results 
are also listed in Table 1 and shown in Figure 2.  
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Figure 2: Time-dependent measurements of microgel-PDADMAC complexes. The left side shows the 
composition (filled symbols) and the amount of titrable COOH groups  in the complexes (open symbols) as 
a function of time. The hydrodynamic radii (filled symbols) and the electrophoretic mobilities of the 
complexes (open symbols) are shown on the right side. All measurements were conducted at 20°C.  
 
Binding of PDADMAC leads to an exchange of the low molecular weight counter ions of the 
microgel (sodium from NaOH) against the polyelectrolyte. The number of uncomplexed 
COOH groups can be probed by titration and decreases drastically within the first hours. Only 
50% of the COOH groups are still accessible for protons after nine hours. The number of 
titratable charges decreases further and stays constant at around 27% after one day. Identical 
results were obtained if the same sample was again titrated from basic to acidic pH.  
The evolution of the properties is rather unexpected. Obviously the distribution of 
polyelectrolyte inside the microgel changes at constant composition. Binding is driven by 
electrostatic interaction39 and one can assume that the fast binding process does not lead to an 
optimal arrangement of the polyelectrolyte chains inside the microgel network. This fast 
binding will on the other hand lead to a charge reversal of the complex and thus hamper 
binding of further polycation. With time the polyelectrolyte will be able to adapt to the charge 
distribution of the microgel network. In addition the swelling of the microgel network 
depends itself on the polyelectrolyte distribution. The distribution of MAA is not 
homogeneous inside the microgel due to different chemical reactivity45 and MAA is enriched 
in the core-region therefore the increase of Rh with time indicates a partial migration of 
polyelectrolyte to the core leading to stronger swelling of the microgel corona. The corona 
still contains polyelectrolyte chains and thus the surface stays positively charged. The data in 
Figure 2 indicate a rising electrophoretic mobility with time, however, it is difficult to 
interpret this in terms of surface charge as the electrophoretic mobility also depends on 
draining and charge distribution in the corona as described by Ohshima.43 A fitting of the 
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electrophoretic mobility of the complexes with the Ohshima’s model is not possible because 
parameters as e.g. the charge density (which depends on the swelling of the microgel) can 
neither be determined precisely nor are they constant during rearrangements.  
 
5.4.2 Influence of temperature 
  
The second set of experiments was performed at different temperatures in order to investigate 
the influence of the VPTT on the composition of the complexes. Polyelectrolyte binding to 
thermoresponsive microgels at elevated temperatures has not been reported before. Thus as 
first experiments, the composition of complexes formed at T>VPTT was quantified. 
Complexes were prepared and analyzed at 40°C. As already mentioned above, the swelling of 
the microgel – polyelectrolyte complex does not depend on the pH-value in contrast to the 
swelling of the pure PNiPAM-co-MAA microgels. Thus the complex will be collapsed 
already at T=40°C and thus it was sufficient to heat the sample to T=40°C to study how the 
particle collapse influences polyelectrolyte binding. Figure 3 displays the composition of the 
complexes as a function of the polyelectrolyte – microgel mixing ratio. 
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Figure 3: Composition of the complexes formed at T<VPTT (squares) and at T>VPTT (stars). The 
microgel was fully deprotonated (pH=9), stock solutions of microgel and PDADMAC were stored at 
T>VPTT before they were mixed. Compare also reference 30.  
 
When the complexes are prepared at 40°C, quantitative binding is observed up to ncr≈1 
similar to the experiments conducted at room temperature.30 However, the ncr reaches a 
plateau at ncr≈1 even for high icr, in contrast to complexes prepared at T<VPTT indicating 
significant differences due to the fact that at 40°C the microgel-polyelectrolyte complex is 
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formed in the collapsed state. The small particle size leads to high charge density and 
therefore less polyelectrolyte binds to the microgel.40  
Interestingly the complexes prepared at 40°C have rather poor colloidal stability and tend to 
flocculate. This is distinctly different from complexes prepared at T<VPTT.30 At low 
temperatures the swollen PNiPAM chains lead to steric stabilisation that vanishes at high 
temperature. Thus at 40°C complexes need to be electrostatically stabilized, which requires a 
complete coverage of the surface by polyelectrolyte chains. Such a complete coverage is 
known from the formation of polyelectrolyte multilayers via the layer-by-layer technique 
when the polyelectrolyte is added in excess.19,20  
So one could expect, that stable complexes are formed at high temperatures if the icr is high. 
However, even at icr=4 the complexes were not colloidally stable indicating that some of the 
bound polyelectrolyte chains are covered below the surface of the complex and thus sufficient 
electrostatic stabilisation is not possible.  
The quantification of the bound amount revealed that the formation of complexes with ncr≈1 
is favoured at T>VPTT in contrast to the formation of an over-stoichiometric complex 
(ncr>1) at T<VPTT. In order to investigate whether a complex changes its composition if 
temperature is changed afterwards, complexes were prepared at T<VPTT (and stored for one 
day) and then annealed at T>VPTT for another day. PDADMAC was present in excess 
(icr=4). Figure 4 illustrates the experimental protocol and the results of these experiments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Mixtures of microgel and PDADMAC (icr=4) were mixed and stored at different temperatures. 
The composition (ncr) of the microgel-polyelectrolyte complexes was investigated by determining the 
polyelectrolyte concentration in the supernatant.  
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The complex prepared, stored and separated at T<VPTT is characterized by ncr=1.31. Mixing 
PDADMAC and microgel solutions at T<VPTT and storing the mixture at T>VPTT, 
however, yielded a complex characterized by icr=1.04. Obviously PDADMAC desorbs 
partially from a complex prepared at T<VPTT when heated to T>VPTT. Cooling and storing 
this complex again at T<VPTT gave, however, not a complex characterized by ncr=1.31 but a 
complex with ncr=1.74. In other words the complex contains even more PDADMAC after a 
heating-cooling cycle as compared to complexes prepared at T<VPTT as illustrated in Figure 
5. Applying a second heating-cooling cycle enables further PDADMAC to bind to the 
microgel and ncr=1.91 was obtained. 
 
 
 
 
 
 
 
 
Figure 5: Schematic illustration of the influence of heating-cooling cycles on microgel-polyelectrolyte 
complexes.  
 
The data indicate that extra binding sites for PDADMAC must have been made accessible 
during cooling the complex from T>VPTT to T<VPTT. Again, this behaviour can be 
interpreted by the change in charge density when the microgel swells. The charge density of 
the microgel is high at T>VPTT due to the small particle size and the formation of an almost 
perfect 1:1 microgel-PDAMAC complex is favoured. Lowering the temperature leads to a 
swelling of the microgel and a decrease in charge density. Now two scenarios are possible: i) 
the bound polyelectrolyte chains adapt to the swelling microgel substrate or ii) additional 
polyelectrolyte chains (which are present in excess) bind to the microgel. Obviously the latter 
process takes place and the data in Figure 4 show that additional binding occurs during 
repetitive cycles.  
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5.4.3 Mechanistic considerations & comparism to other systems 
 
Rearrangements are known from complexes consisting of charged diblock polymers and 
oppositely charged polyion though the formation of these complexes is very fast.46,47 The 
properties as structure, size and stability of the complexes depends strongly on the mixing 
ratios of the different blocks, degree of charging and salinity.48,49 
 
The time- and temperature-dependent rearrangements of polyelectrolyte in microgels 
described above have not been reported in the literature. We could show in a previous study 
involving core-shell microgels that PDADMAC can penetrate through a neutral shell to a 
charged core.39 Accordingly penetration of PDADMAC to the charged core region of the 
microgel used in this study is also likely to occur. Moreover, we briefly want to discuss the 
structure and the distribution of the COOH groups inside the microgel. PNiPAM microgels 
crosslinked by BIS are characterized by a highly crosslinked core and a weakly crosslinked 
corona as revealed by small angle neutron scattering (SANS) experiments.50 Titration data 
obtained by Pelton and Hoare6,45 as well as by our group40 reveal that the methacrylic acid is 
located near the core region of the microgel. The structure of the microgel used in this study 
can thus be described with a highly charged core and weakly charged and weakly crosslinked 
corona. Binding of polyelectrolyte leads to a collapse of the weakly crosslinked shell. The 
polyelectrolyte chains in the corona lead to physical crosslinks and higher density of positive 
charges in the shell.  
Temporal evolution of the microgel-polyelectrolyte complexes is caused by the penetration of 
the polyelectrolyte chain into the core-region of the microgel. With time polyelectrolyte 
chains start to penetrate to the core-region of the microgel as indicated by the decrease of 
titratable COOH groups (compare figure 2). This rearrangement of polyelectrolyte chains 
reduces the physical crosslinks in the corona and lead thus to an increase in size and a 
decrease in charge density. 
The change in size and charge density caused by the rearrangement of polyelectrolyte in 
microgel will affect the electrophoretic mobility. The electrophoretic mobility of soft particles 
is proportional to zeN/(ηλ2) at high ionic strength (here z is the valence of the fixed ionic 
charges, e the elementary charge, N the charge density, η the viscosity and λ describes the 
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draining and thus the frictional resistance).51,52 The experimentally observed increase in 
electrophoretic mobility indicates that λ increases; in other words the particles become softer 
due to the rearrangement of the polyelectrolyte which is in agreement with the swelling of the 
corona. Hoare and Pelton determined charge density and friction resistance of microgels from 
electrophoretic mobility data measured at different salt concentrations.52 This approach,  
however, cannot be applied to our system since already a low concentration of salt changes 
the amount of bound polyelectrolyte (see Supporting Information). First more polyelectrolyte 
is bound with increasing NaCl concentration but at high salt concentrations coulomb 
interaction is screened and less polyelectrolyte is bound.   
The experiments also show that the complexes are sensitive to changes in temperature. With 
increasing temperature the microgel collapses which leads to an increase in charge density. In 
a recent study we reported that the maximal polyelectrolyte uptake depends on the charge 
density of the microgel and more polyelectrolyte is bound at low charge density.40 The 
experimental observation that complexes prepared at T>VPTT contain less polyelectrolyte 
(icr = 4) as compared to complexes prepared at T<VPTT (see Figure 3) agrees with our 
discussion in ref.40 because an increase in temperature leads to an increase in charge density 
of the microgel. 
Moreover, by quantifying the amount of PDADMAC in the supernatant during experiments in 
which the temperature was changed, we could show that this behaviour is dynamic meaning 
that we can use the temperature-sensitivity of PNiPAM-microgels to release polymer from the 
complex (compare Figure 4). Surprisingly, these temperature-cycles allow even an enhanced 
binding of polyelectrolyte if excess polyelectrolyte is present.  
 
5.5 Summary 
 
Complexes of multisensitive microgels based on PNiPAM with PDADMAC were 
investigated with respect to the influence of time and temperature regarding composition, size 
and electrophoretic mobility. All experiments discussed above demonstrate that properties of 
microgel-polyelectrolyte complexes depend on time and temperature because the 
polyelectrolyte can adapt to the charge density of the microgel, the swelling of which itself 
depends on temperature and polyelectrolyte distribution. This mutual influence of guest and 
host is due to the fact that the microgel is not only porous but also soft and is thus a substrate 
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that adapts to the guest. Polyelectrolyte- and pH-titration are very powerful methods to 
determining the properties of these complexes as they allow to determine the amount of 
bound polyelectrolyte and of free COOH groups and to monitor rearrangements.  
When no excess polyelectrolyte is present, the rearrangements with time and / or temperature 
affect size and electrophoretic mobility and cause hysteresis effects in temperature-cycle that 
have been observed before.18,30,19,44 When excess polyelectrolyte is present, heating-cooling 
cycles can be employed to enhance loading of microgels with polymers. Furthermore, 
polyelectrolyte can be partially released when the complexes are heated above the volume 
phase transition temperature. Interestingly the colloidal stability of the complexes at T>VPTT 
depends on the preparation temperature: complexes prepared at T<VPTT remain colloidally 
stable when heated to T>VPTT, on the other hand, complexes prepared at T>VPTT display 
poor colloidal stability. Thus the pathway of preparing these kinds of complexes and their 
history regarding time and exposure to different temperatures need to be considered. 
These experiments demonstrate the special properties of multisensitive microgels for uptake 
and release that can be exploited in different kinds of applications. 
 
 
 
5.6 Supporting information 
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S 1: Conductometric titration of 100 mg of the PNiPAM-co-MAA microgel in 50 mL water at 25°C. 
Diluted HCl solution was added to the microgel solution prior to the experiment. The solution was flushed 
with nitrogen for 60 minutes before the titration was started. 
 
 69 
20 25 30 35 40 45
100
150
200
250
300
350
400
450
500
 pH 7.5
 pH 6.7
 pH 4.4
R
h
/ 
n
m
temperature / °C
2 3 4 5 6 7 8 9 10 11
-1,6
-1,4
-1,2
-1,0
-0,8
-0,6
-0,4
-0,2
0,0
0
20
40
60
80
100
 mobility 25°C
 mobility 40°C
e
le
c
tr
o
p
h
o
re
ti
c
 m
o
b
ili
ty
 µ
 x
 1
0
-8
 /
 m
2
V
-1
s
-1
pH
d
e
g
re
e
 o
f 
p
ro
to
n
a
ti
o
n
 /
 %
 
S 2: Measurements of the pH-dependent electrophoretic mobility of the PNiPAM-co-MAA microgel at 
25°C and 40°C (filled and open triangles, respectively). The degree of protonation is also shown. The 
degree of protonation was obtained from the conductometric titration (see S1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
S 3: Results of the temperature dependent light scattering experiments performed with the PNiPAM-co-
MAA microgel. Diluted NaOH and HCl solutions were used to adjust the pH-value (see legend).  
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S 4: Influence of NaCl on microgel – polyelectrolyte complexes. Left side shows the composition of the 
complexes as a function of NaCl present in the solution. The initial charge ratio was icr = 4 in all 
experiments. NaCl was added to microgel and PDADMAC stock solution. The solutions were allowed to 
equilibrate over night before the stock solutions were mixed. The solutions were centrifuged the next day 
and the complexes were redispersed in deionized water.  
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6. Polyelectrolyte microgels based on poly-N-
isopropylacrylamide: Influence of charge density on 
microgel properties, binding of poly-
diallyldimethylammonium-chloride and properties of 
polyelectrolyte complexes  
 
 
6.1 Abstract  
 
The influence of the charge density of microgels on the binding of oppositely charged 
polyelectrolytes was investigated. The charge density in the microgels was varied via the 
amounts of charged co-monomer (as e.g. methacrylic acid, MAA) during microgel synthesis 
and also by changing the reaction conditions in order to influence the distribution of the 
charged co-monomer inside the poly-N-isopropylacrylamide-co-methacrylic acid (PNiPAM-
co-MAA) microgel. The variation in charge density was monitored by taking advantage of the 
polyelectrolyte effect during acid-base-titration. Data of titrations of several microgels were 
analyzed by a modified Henderson-Hasselbalch equation to monitor the influence of the 
charge density. The microgels contain either different amounts of crosslinker but same 
amounts of charged co-monomer or the microgels were synthesised with same amounts of 
crosslinker but different functional monomers with different reactivities yielding different 
spatial distributions. Charge density and spatial distribution of charges in the microgel 
strongly influence swelling and interaction with polyelectrolytes. As expected, a highly 
charged microgel binds more polyelectrolyte than a microgel with low amount of charged 
groups. The amount, however, does not only scale with the number of charges per microgel 
but also with the charge density of the microgel. The lower the charge density of the microgel 
the more polyelectrolyte per negative charge can bind. In addition the charge density 
determines whether and at which composition charge reversal of the microgel-polyelectrolyte 
complexes occur. 
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6.2 Introduction 
 
Mixing polycations and polyanions leads to a fast formation of complexes. The formation of 
polyelectrolyte complexes (so called simplexes) are phenomenologically well-known, 
generalized quantitative mechanistic or kinetic models are, however, not available.1 Adding a 
polyelectrolyte to a solution containing an oppositely charged polyion leads usually to a turbid 
solution ending in phase separation of the complexes when the charge ratio of polyanion to 
polycation is close to unity. The charge density (average distance between two ionisable 
groups) of polyelectrolytes has no influence on the simplex formation.2 Deviation from the 
ideal stoichiometry can, however, occur if one of the polyelectrolytes is branched or sterically 
hindered3,4,5 or if an inorganic salt (as e.g. NaCl) is present. The formation of so called “quasi-
soluble” complexes can either be obtained by using very small concentrations6, by mixing a 
high molar mass polyion with a much shorter oppositely charged polyion in non-
stoichiometric ratios7 or by copolymerisation of an ionic monomer with an other well water-
soluble but non-charged monomer as e.g. ethylene oxide8 or N-isopropylacrylamide9. The 
investigation of these self-assembling monodisperse complexes containing block copolymers 
with a charged and a non-charged but hydrophilic part led to many publications in the last 15 
years. Different names are found in the literature to describe these structures such as block 
ionomer chains (BIC)10, polyion complex micelles (PIC)11, complex coacervate core micelles 
(C3Ms)12 and (inter) polyelectrolyte complexes (I)PEC13,14 and even anisotropic structures15 
were reported. These complexes often have no electrophoretic mobility when the ratio of 
negative and positive equals unity16,17,18 but also systems are found which contain an excess of 
charged species than needed for charge compensation.19  
Polyelectrolytes can also interact with oppositely charged rigid colloidal particles. 
Polyelectrolytes can stabilize colloidal particles and prevent or promote aggregation2. 
Especially the (de-)stabilisation20 of colloidal dispersions by polyelectrolytes depends on the 
amount of bound polyelectrolyte. A certain polyelectrolyte dose yields neutral particle – 
polyelectrolyte complexes and aggregation can occur. Further adsorption of polyelectrolyte 
leads to a restabilisation because the complexes are now overcharged (charge reversal). The 
amounts of polyelectrolyte needed to overcharge rigid particles are typically in the range of 1 
to 10 milligram polyion per gram particle.21 Intuitively, the ratio of charges of adsorbed 
polyelectrolyte and surface charges of the colloidal particle should equal unity, similar to the 
complexes prepared from oppositely charged polymers. However, large variations can occur 
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because polyelectrolyte charges are neutralized by counter ion condensation and because the 
line charge density of the polylelectrolyte and the surface charge density of the particle 
differ.22,23 The amount of adsorbed polyelectrolyte thus depends on the charge density of both 
the particle and the polyelectrolyte and can be easily controlled by the ionic strength or by the 
pH-value if one (or both) of the components can be protonated.24,25,26 The binding of an 
oppositely charged species is limited by the surface charge of the rigid particle (or surface).  
Microgels, however, are porous polymer networks of spherical shape and colloidal dimension. 
They are swollen by the solvent and the charged groups are distributed not solely at the 
surface but also in the entire volume of the particle.27 The polymers used to synthesize 
microgels display often a temperature dependent solubility in water. Changing the 
temperature alters the solvent quality and the polymer can become insoluble leading to a 
collapse of the microgel. Other stimuli besides temperature can be used to trigger the 
properties of the microgel if the microgel contains an adequate co-monomer.28 The properties 
of the copolymer microgel will also depend on the nature of the co-monomer, its amount and 
the spatial distribution within the microgel.29,30,31,32 Most often, charged co-monomers are 
incorporated into microgels. These polyelectrolyte microgels can carry either positively or 
negatively charged co-monomers but also polyampholyte microgel have been synthesized. 
33,34,35,36 The addition of oppositely charged molecules (as e.g. surfactants37 or polyelectrolytes 
38) to charged microgels leads to a strong interaction with the microgels and allows to modify 
the properties as the size or the electrophoretic mobility. The temperature sensitivity of 
microgel – polyelectrolyte complexes is obtained and the complexes show no tendency to 
flocculate when the electrophoretic mobility is neutral39,40 contrary to complexes of rigid 
nanoparticles and polyelectrolytes. The interaction of polyelectrolyte and microgels is mainly 
driven by electrostatics; non-specific interactions exist, however, only very small quantities of 
polyelectrolytes interact with pure PNiPAM-microgels.40 
The charged monomer can either feature a permanent charge or a non-permanent, pH-
dependent charge as e.g. in methacrylic acid (MAA). The amount of incorporated co-
monomer and its spatial distribution are both preset by the copolymerisation parameters 
between the two monomers (e.g. NiPAM and MAA or NiPAM and acrylic acid AA) and 
predictions about the spatial distribution exist. 41,42,43 Parameters as salt content, temperature 
and especially the pH-value have to be controlled very accurately since the polymerisation 
rates and hence the copolymerisation parameters of the carboxylic acid depend on these 
parameters.44,45 The incorporation of MAA in NiPAM microgels for example leads always to 
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a MAA enriched core at acidic reaction conditions.45  Enriched shells can be e.g. achieved by 
two step core-shell synthesis.46,40 The different carboxylic acid groups are linked in the 
polymer network and therefore influencing each other. This influence becomes apparent by 
changing the degree of protonation and monitoring the change in pH. The higher the charge 
density is, the more the potential (pH-value) has to be changed to alter the state of 
protonation.47,2 In other words, the slope of the titration curve in dependence of the degree of 
ionisation yields information of the charge density. This effect is known as polyelectrolyte 
effect. The polyelectrolyte effect is described by the n-value in the modified Henderson-
Hasselbalch equation (see equation 1) 
 
pH = pKs + n log ((1-α)/α)                                   (equation 1) 
 
The n-value for monovalent acids equals one and becomes larger as soon as a correlation 
between two carboxylic acid functions (as e.g. along a polymer chain) exist. The smaller the 
(average) distance between two carboxylic acid functions the higher the n-value.2,47,48 As a 
consequence, the ability of a system to keep the pH-value constant at a certain degree of 
protonation decreases as the charge density increases. However, polyions with a high charge 
density cover a broad range of pH-units during protonation.  
The pKs-value which equals the pH-value at 50% protonation usually gives information about 
the chemical nature of the acid; acids can be classified in strong and weak ones. The potential 
(the pH-value) to separate a proton from an acid characterised as weak is bigger compared to 
the potential needed to remove a proton from a strong acid. The pKs-value depend on the 
chemically structure of the acids in case of monomeric acids. In multifunctional acids such as 
our microgels the pKs-value also depends on the crosslink density.47,49,50 Deprotonating half 
of charged co-monomers in a highly crosslinked microgel requires a higher pH-value 
compared to a weaker crosslinked one. Deprotonation leads to a swelling of the microgel. The 
more the swelling is restricted by the network the higher the potential (the pH-value) to 
change the degree of protonation. 
Nanosized microgels have unique properties with respect to uptake and release51 and the 
charge density of microgels will be relevant for binding of ionic species and the formation of 
polyelectrolyte multilayers.38,52,53 In a previous publication40 the penetration of polyelectrolyte 
into core-shell microgels was investigated. In the present study we focus on the influence of 
microgels charge density on the binding with an oppositely charged polyelectrolyte (namely 
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polydiallydimethylammonium chloride, PDADMAC) and four different microgels were 
synthesized for that purpose. The modified Henderson-Hasselbalch equation is used to 
analyze the charge density of the microgels. The ability of the Henderson-Hasselbalch 
equation to obtain information about the charge density of microgels is demonstrated by these 
sets of microgels. 
The paper consists of two parts: First, the possibility to characterize the charge density of 
microgels by the modified Henderson-Hasselbalch equation is described. For this purpose two 
series of microgels were prepared (i) PNiPAM-co-MAA with different crosslink density and 
(ii) PNiPAM copolymerized with different carboxylic acids but same amount of crosslinker. 
The second series reveals how the copolymerisation kinetics influences the distribution of the 
charged comonomer inside the microgel.  
The second part of the manuscript is concerned with the influence of the charge density of the 
microgel on the binding of oppositely charged polyelectrolyte.   
 
 
6.3 Experimental 
 
Materials: N,N`-methylenebisacrylamide (BIS) and potassium peroxodisulfate (KPS) were 
ordered from Merck. Methacrylic acid (MAA), acrylic acid (AA) and 3-butenoic acid (BA) 
were obtained by ABCR, N-isopropylacrylamide (NiPAM) was purchased from Acros. 
PDADMAC with high MW (400-500 kg mol-1) and polystyrenesulfonate (PSS) with a 
molecular weight of 70-100 kg mol-1 was delivered by Aldrich. Toluidine O was purchased 
from Serva Chemicals. All solutions were prepared with double distilled water. 
Microgel synthesis: The microgels were synthesized by free radical polymerisation in water. 
Water was heated to 70°C and flushed with nitrogen for 1 hour. The monomers were 
dissolved, the reaction was started by KPS. The synthesis were done in water, the monomer 
concentration was around 2 mass%. 
After 6 hours the solutions were allowed to cool down overnight and the solution was 
centrifuged in a Sorvall Discovery 90 ultracentrifuge for 45 minutes. Between each 
centrifugation the supernatant was removed and replaced by water to redisperse. After three 
cycles of centrifugation the solution was freeze dried.  
Microgels with different amounts of crosslinker: Amounts of NiPAM were replaced by 
crosslinker (BIS). The concentrations of the crosslinker were 1.7; 3.5; 5.0 and 10.6 mass-%. 
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The amount of methacrylic acid (MAA) in the synthesis were around 8 mass-% each. The 
microgels are named after the amount of crosslinker in the synthesis.  
Microgels with different co-monomers: The amounts of NiPAM, BIS and charged co-
monomer were kept constant in all synthesis. The amount of charged co-monomer was 17.1 
mmol. Methacrylic acid (MAA), acrylic acid (AA) and 3-butenoic acid (BA) were used. The 
microgels are named according to the co-monomer. 
Microgels used for the formation of microgel-polyelectrolyte complexes: The microgels 
contain methacrylic acid (MAA) as charged co-monomer. Letters were used to name the 
microgels 
Details about the synthesis of the microgels can also be found in the Supporting Information 
Titration: 100 mg of microgel were dissolved in 50 mL water and transferred to a tempered 
titration cell equipped with a nitrogen inlet. 0.1 M HCl was added until the pH-value of the 
solution was around 3. After allowing the solution to equilibrate for 30 minutes, portions of 2 
µL 0.1 M NaOH were added by a Methrohm 665 autotitrator. The titrations were performed 
at 25°C. Conductivity and pH-value were measured.  Titrations were conducted from acidic to 
basic pH and after one cycle a second titration run was run from basic to acidic yielding the 
same results. 
The amount of pH-sensitive co-monomer is obtained as absolute value from the buffering 
region. Information about the sequence of the monomer is obtained by making use of the 
polyelectrolyte effect.  
Electrophoretic mobility: Measurements of the hydrodynamic radius and electrophoretic 
mobility were performed on a NanoZS zetasizer (Malvern). The values of the electrophoretic 
mobility were not converted to a zeta-potential. The usual hard-sphere model may not be used 
to convert the mobility to a zeta-potential, since the microgels are porous, soft and swollen by 
the solvent.54 The standard deviation of the measurements was less than 10%. For the sake of 
clarity, error bars are given in the plots for few data points only.  
Dynamic light scattering: Dynamic light scattering measurements were done on an ALV 
goniometer with a programmable cyrostat to control the temperature of the sample. Laser 
wavelength was 633 nm, scattering angle was 60°. The samples were highly diluted to avoid 
multiple scattering. The samples were measured at different angles at room temperature prior 
to temperature dependent runs. Samples were measured for 180 seconds. The reproducibility 
of this method is five percent or better. Error bars with five percent deviation are given for the 
first and last data point of temperature-dependent measurements. The DLS measurements 
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were done at pH-values corresponding to full protonation and deprotonation, respectively. 
The pH-values were determined by acid-base titration. 
Polyelectrolyte titration: The indication of a 1:1 complex between polycation and polyanion 
by a dye responding to an excess of one polyion was first described 1952.55 We use a 
fototitrator which was a gift by BASF and described by Horn.56 A PSS solution was added by 
a autotitrator to a sample of PDADMAC which was diluted with approximately 100 mL 
water. 20 µL of a 2 mM Toluidine O solution was added as indicator. Every PDADMAC-
solution obtained from the supernatant of microgel-polyelectrolyte mixtures was titrated at 
least three times to evaluate the concentration.  
Prior to the determination of the amount of PDADMAC in the supernatant, calibration 
experiments were conducted: The concentration of the PDADMAC stock solutions was 
estimated by polyelectrolyte and argentiometric titration: AgNO3 solution of known 
concentration was added to determine the concentration of the chloride counter ions of the 
polycation by potentiometric titration.  
Adsorption experiments: Solutions of microgels were prepared by dissolving 100 mg 
microgel in 10 mL water. Different quantities of aqueous solution of PDADMAC solution 
was added to one millilitre of the microgel solution. Water was added to give a total volume 
of 10 mL. After three days of gentle stirring the mixture was centrifuged for 30 minutes at 
50000 rpm in a Sorvall Discovery 90SE. The supernatant was removed carefully and kept for 
further experiments. 5 mL water was added to the precipitate in the centrifugation tube to 
redisperse the microgel-polyelectrolyte-complex. After two days the redispersed complex was 
investigated by different techniques. Prior to use, samples of all polyelectrolyte solutions were 
centrifuged at 50000 rpm for 30 minutes. No precipitate was formed and the supernatant had 
the same polyelectrolyte concentration as the starting solution.  
 
6.4 Results and Discussion 
 
First of all, the possibility to characterize the charge density of microgels by the modified 
Henderson-Hasselbalch equation needs to be investigated. Therefore, the titration data of 
several sets of microgels were characterized. As a first set, four microgels with different 
amount of crosslinker are discussed. The second set consists of three microgels with different 
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co-monomers. Finally, four microgels are characterized and the amount of binding 
polyelectrolyte to the microgel is explained by the different charge density of these microgels.  
 
6.4.1 Influence of crosslink density 
Four microgels were synthesized with different amounts of crosslinker but same amounts of 
methacrylic acid (MAA). The results of the titration of the different microgels are show in 
Figure 21 and Table 2. Figure 21 shows the titration data according to the modified 
Henderson-Hasselbalch equation. The shape of the titration curves is very similar. The curves 
are shifted to higher pH-values as the microgels become more and more crosslinked. As a 
consequence the pKs-value (pH at α = 0.5) increases. The pKs-value scales linearly with 
increasing amount of crosslinker as shown in Figure 21, right side.  
Results from literature42,43 as well as the results in the second part of this publication proof 
that MAA is mainly incorporated near the crosslinked core-region. Thus, deprotonation of the 
COOH groups requires a higher potential the stronger the crosslinks restrict the swelling of 
the microgel. The slope of the titration curves gives information about the sequence of COOH 
groups along the polymer chains. The sequence stays constant as indicated by the similar n-
values at around 1.7 (see Table 2). The microgel with 5.0 mass% BIS contains only 9.2 
mass% MAA as compared to the other microgels with 11 mass% and thus the n-value is only 
around n=1.6. 
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Figure 21: Results of the titration of the PNiPAM-co-MAA microgels with different amount of crosslinker. Left side 
shows the data according to the modified Henderson-Hasselbalch equation, right side shows the pKs-values obtained 
from the titrations. All titrations were done with 100 mg freeze-dried microgel redispersed in 50 mL water at 25°C. 
Compare also Table 2.  
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The size of the PNiPAM based microgels depends on temperature and pH-value. The swelling 
ratio of the particles comparing different temperature and pH conditions will be described 
with two parameters: 
βΤ describes the temperature dependent swelling ratio at pH=3: 
βT =
R20°C (pH = 3)
R50°C (pH = 3)
      equation 2         
βpH describes the pH dependent swelling ratio at 20°C:     
βpH =
RpH 9 (20°C)
RpH 3(20°C)
 equation 3 
 The temperature-dependent size measurements of the four different microgels at pH=3 and 
pH=9 are shown in the Supporting information.  
 
Table 2: Properties of the PNiPAM-co-MAA microgels with different amount of crosslinker  
BIS / 
mass 
% 
pK
s 
n MAA / 
mass% 
electrophoretic 
mobility pH9 
20°C / m2V-1s-1 
Rh pH3 20°C 
/ nm 
Rh pH3 50°C / 
nm 
Rh pH9 20°C 
/ nm 
βT βpH 
1.7 6.2 1.7 11.5 -2.0 292 120 479 4.4 14.2 
3.5 6.4 1.7 10.1 -1.6 272 209 369 2.5 5.0 
5.0 6.5 1.6 9.2 -1.4 282 188 332 1.6 3.4 
10.6 7.0 1.7 11.0 -0.7 304 205 321 1.2 3.2 
 
The radii at T=20°C and pH=9 as well as the radii of the protonated particles at T=20°C and 
T=50°C and the electrophoretic mobility of the deprotonated microgels at T=20°C are listed 
in Table 2. All four microgels show mobilities of µ ≈ 0.3 10-8 m2V-1s-1 at pH=4 and an 
increase in electrophoretic mobility upon deprotonation as shown in Figure 2. The mobilities 
at pH=9 scale with the amount of crosslinker though the microgels contain all similar amounts 
of MAA. The higher crosslinking leads to a stronger limitation of the MAA groups in the 
centre of the particle during polymerisation. In addition it reduces the electrophoretic softness 
of the particle and thus reduces the measured electrophoretic mobility.  
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Figure 22: pH- dependent properties of PNiPAM-co-MAA microgels with different amounts of crosslinker. The 
electrophoretic mobility was measured as a function of pH-value at 20°C.  
 
 
6.4.2 Influence of co-monomer 
 
Three different microgels with different charged co-monomers were prepared. These co-
monomers were methacrylic acid, acrylic acid and 3-butenoic acid. For this reason, the 
amount of co-monomer in the microgel is not given in mgg-1 but in mmolg-1 to allow 
comparison of the three microgels.   
The freeze dried microgels were titrated to give the amount of incorporated co-monomer and 
information about the distribution and the sequence of the co-monomer in the microgels. Most 
co-monomer is incorporated in the PNiPAM-co-MAA microgel (1.60 mmolg-1); the 
PNiPAM-co-AA microgel contains about 0.90 mmolg-1 and only 0.27 mmolg-1 of carboxylic 
acid are found in the PNiPAM-co-BA microgel. The titration data according to the 
Henderson-Hasselbalch equation is shown in Figure 23. In addition, the supernatant of the 
centrifuged reaction mixture was assayed for not incorporated carboxylic acid. The results are 
shown in the Supporting Information, Table 2.    
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Figure 23: Results of the titration of the PNiPAM-based microgels with different co-monomers. Left side shows the 
data according to the modified Henderson-Hasselbalch equation obtained at 25°C. Right side shows the 
electrophoretic mobilities as a function of pH-value at 20°C.  
 
Surprisingly, the microgels containing AA and BA have the similar pKs-value of 5.6 though 
the microgels contain different amounts of charged co-monomer (0.9 and 0.27 mmolg-1). The 
correlation of the functional monomer in the BA microgel is higher though only small 
amounts of this monomer were incorporated. This means that the spatial distribution of the 
butenoic acid inside the microgel is much more inhomogeneous as compared to the acrylic 
acid groups in the PNiPAM-co-AA microgel.  
Table 3: Properties of the PNiPAM microgels with different functional co-monomers. 
 
incorporated 
co-monomer 
/ mmolg-1 
pKs n 
 electrophoretic 
mobility pH 9 
20°C / m2V-1s-1 
Rh pH3 20°C / 
nm 
Rh pH3 50°C / 
nm 
Rh pH9 20°C / 
nm 
βT βpH 
methacrylic acid 1.60 6.9 1.7 -1.6 326 178 352 6.1 1.3 
acrylic acid 0.90 5.6 1.1 -2.0 392 192 612 8.4 3.8 
butenoic acid 0.27 5.6 1.4 -1.3 366 146 565 15.9 3.7 
 
The pH-dependent measurements of the electrophoretic mobilities of the microgels with 
different co-monomers are shown in Figure 3, right side. The microgel containing AA as co-
monomer exhibits the highest electrophoretic mobility although the PNiPAM-co-MAA 
microgel contains almost twice the amount of functional groups. This behaviour can be 
explained by the different spatial distribution of the co-monomers. The MAA groups are 
incorporated close to the core-region while AA groups are homogenously distributed within 
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the particle. The βpH values also indicate the incorporation of the MAA groups near the core 
region.  
The titration data discussed for these two series of different microgel samples reveal that data 
analysis with the modified Henderson-Hasselbalch eq. provides interesting information on the 
properties of polyelectrolyte microgels. The findings about the spatial distribution of different 
co-monomers in PNiPAM based microgels agree nicely with the results reported by Hoare 
and Pelton who investigated the distribution of the charged groups also by analysing titration 
data. All microgels were prepared in a way that these microgels contain the same amount of 
charged comonomer.57 In addition, we could show that the crosslink density of the microgel 
influences the pKs-value but not the n-value. In conclusion, the n-value was found to be a 
sensitive parameter to describe the charge density of microgels.41,57,58,59 
 
 
6.4.4 Characterisation of the microgels used for the formation of 
microgel-polyelectrolyte complexes 
 
Four PNiPAM-co-MAA microgels were synthesized. Microgels A-C were prepared by one-
pot synthesis. Microgel D is a core-shell microgel: a shell consisting of NiPAM and MAA 
was added to a PNiPAM microgel. The results of the characterisation of the microgels are 
shown in Figure 6 and Table 4.  
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Figure 6: Results of the titration of the four different microgels according to a modified Henderson-Hasselbalch 
equation. Left side shows the data according to the modified Henderson-Hasselbalch equation obtained at 25°C. Right 
side shows the electrophoretic mobility as a function of pH-value at 20°C. 
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The highly charged core-shell microgel possesses the highest n-value of 1.9 which is close to 
the value of pure poly(methacrylic acid) of two. [47] Microgel C (11.5 mass% MAA) is 
characterized with n=1.7 and microgel A (3.1 mass% MAA) with n=1.5. Microgel B (The 5.4 
mass% MAA) however, has the lowest charge density of the four microgels because its n-
value is only 1.3.  
 
 
 
 
 
Table 4: Properties of the four different PNiPAM-co-MAA microgels. The table summarizes the results obtained from 
the titrations of the microgels.  
microgel MAA / mass%  
in microgel 
n 
Rh pH4 
20°C / nm 
Rh pH9 
20°C / nm 
MAA / mass%  
in feed 
βT βpH 
A 3.1 1.5 175 191 2.4 8.5 1.3 
B 5.4 1.3 249 293 5.4 11 1.6 
C 11.5 1.7 300 480 8.5 16 4.1 
D 31.7 1.9 84 299 - 1.1 45 
 
The pH-dependent electrophoretic mobility of microgel B and C (5.4 mass% MAA and 11.5 
mass% MAA) behave very similar at similar pH-values. Microgel A (3.1 mass% MAA) 
shows only a very small change in the electrophonic mobility while the mobility of microgel 
D (31.7 mass% MAA) is strongly influenced by the pH-value of the solution.  
The same co-monomer (MAA) was used in all syntheses but the synthesis conditions were 
different. Microgel B was synthesized at pH=6, while the other microgels were synthesized at 
acidic conditions of pH=3.5. The amounts of MAA added in the feed and obtained in the 
microgel are listed in Table 4. The 3.1 mass% and the 11.5 mass% microgel (microgels A and 
C) incorporate roughly the 1.3 fold amount of offered MAA indicating a higher charge 
density compared to the 5.4 mass% microgel (microgel B). The amount of offered and 
incorporated amount of MAA is equal for the 5.4 mass% microgel indicating a homogeneous 
charge distribution compared to the other microgels. This difference is also displayed by the 
low n-value of only 1.3 and in a similar behaviour of the pH-dependent electrophoretic 
mobility of microgels B and C. Microgel B contains a smaller quantity of charged co-
monomer but the MAA is homogenously distributed in the microgel while the microgel C is 
characterized by a high charge density in the core-region of the microgel.   
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Important parameters as e.g. size and number of charged co-monomers per microgel can be 
controlled by the amount of crosslinker and co-monomer. More important than these 
parameters, however, is the local charge density which can be controlled by the chemical 
nature of the co-monomer or by the architecture of the microgel. The charge density of 
microgels can be easily probed by the modified Henderson-Hasselbalch equation as shown 
above. The charge density of microgels will have influence on the ability to bind oppositely 
charged polyelectrolytes. The ability of charged microgels with different charge densities to 
bind polyelectrolyte will be thus discussed in the following.  
 
 
6.4.4 Complexes of the different microgels with PDADMAC 
 
Microgels A-D were used to prepare complexes with the strong polycation (namely 
polydiallyldimethylammonium chloride, PDADMAC). The amount of bound polyelectrolyte 
will not be discussed as mass polyelectrolyte per mass microgel but as positive charges (of the 
polycation) per negative charges (of the microgel) to compare the different microgels.  
The amount of negative charges in the microgels at a certain concentration is known from 
titrations as discussed above. Furthermore, polyelectrolyte and argentiometric titration enable 
us to determine the concentration of PDADMAC solutions. Then the ratio between positive 
charges from the PDADMAC and the negative charges of the microgel when both species are 
mixed can be calculated and is named initial charge ratio, icr.  
Adding a certain amount of PDADMAC to a microgel does not necessarily lead to full 
binding of PDADMAC, so the true composition of the microgel-polyelectrolyte complex can 
vary from the icr.  
The composition of the complexes was experimentally determined by separating the non 
attached PDADMAC from the redispersable complex by centrifugation. The amount of 
PDADMAC in the supernatant was quantified, allowing to calculate the amount of 
PDADMAC bound to the microgel. In the following, the composition of the complexes will 
be characterized by the nominal charge ratio, ncr. The ncr cannot be bigger than the icr. If 
the ncr=icr all PDADMAC is bound to the microgel. The use of icr and ncr allows comparing 
the binding polyelectrolytes to the different microgels.  
The development of the composition with increasing amount of offered PDADMAC is shown 
in Figure 7. All microgels show a quantitative binding of the PDADMAC until icr=1; 
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increasing the icr leads, however, to different behaviour. Microgel D, the microgel with the 
highest charge density, does not bind extra polyelectrolyte.  The next microgel with a lower 
charge density (microgel C; 11.5 mass%) yields a quantitative binding up to icr≈1.2 but 
instead of a reaching a plateau (indicating no additional binding) PDADMAC still binds to the 
complex at icr≥1.2, however, the composition of the complexes increases with a very weak 
slope. The transition from complete to incomplete binding of the offered PDADMAC takes 
place at an icr≈1.8 for the PNiPAM-co-MAA with 3.1 mass% MAA (microgel A). Most 
surprisingly, however, is the transition for the binding behaviour for the microgel with the 
lowest charge density (microgel B; 5.4 mass%). Quantitative binding is found up to icr=2. 
This means that microgel B can take-up twice the amount of positive charges as compared to 
its own negative charges.  
The quantification of the amount of binding polyelectrolyte to the four different microgels 
revealed complete binding for ncr≤1 for all microgels. However, the charge ratios and thus 
the mass of bound PDADMAC at which a plateau is reached are different and depend on the 
charge density of the microgels. The masses PDADMAC bound per gram microgel can be 
calculated from the amount of MAA per gram microgel and the maximum ncr and are given 
in Table 5. The maximal amount of PDADMAC does not scale with the amount of MAA in 
the microgel. Microgel D contains e.g. the tenfold amount of MAA as compared to microgel 
A (31.7 mass% and 3.1 mass%, respectively), the ratio of the maximum amounts of bound 
PDADMAC is, however, only around 4.4. The maximal bound amount of PDADMAC 
depends not solely on the amount of charges but on the charge density in the microgel. The 
lower the charge density of the microgel the more polyelectrolyte per negative charge in the 
microgel can be bound.   
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Figure 7: Compositions of the complexes as a function of the initial charge ratio of PDAMAC and the four different 
microgels. 
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Table 5: Compositions at charge reversal and maximum composition of the complexes prepared from PDADMAC 
and the four different microgels. The amount of bound PDADMAC was calculated assuming a molecular weight of 
161.7 g/mol for the monomeric unit and neglecting the release of counter ions (chloride). 
 
microgel MAA / mass%  
in microgel 
ncr at charge 
reversal 
mg PDADMAC / g 
microgel at charge reversal 
maximum ncr  
maximal mg PDADMAC 
/ g microgel 
A 3.1 1.3 79 2.3 136 
B 5.4 1.8 183 2.5 248 
C 11.5 0.8 173 1.5 322 
D 31.7 - no charge reversal 1.0 595 
 
The different behaviour of the four microgels is also displayed by the electrophoretic mobility 
of the complexes and the composition at which charge reversal occurs, respectively. The 
lower the charge density the more PDADMAC per negative charge needs to bind to the 
microgel to achieve charge reversal as can be seen from Figure 8 (compare also Table 5). The 
core-shell microgel with the highest charge density does not turn positive at all but remains 
neutral at ncr=1. Microgels with a lower charge density, however, yield overcharged 
complexes.  
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Figure 8: Electrophoretic mobilities of the complexes made of the different microgels and PDADMAC as a function of 
composition at pH=9 and 20°C. 
 
The charge density of a microgel determines the composition at which charge reversal of the 
complexes occurs. The core-shell microgel possesses a weakly crosslinked but highly charged 
shell and therefore PDADMAC can bind in a way that all counter ions of both the methacrylic 
acid as well as of the PDADMAC are released. This leads to a perfect arrangement of 
polycation and negatively charged network chains. That prevents extra binding of polycation 
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beyond icr=1 and charge reversal. Thus binding of PDADMAC to microgel D is similar to the 
formation of C3Ms12 between a polyelectrolyte and a charged but hydrophilic diblock 
polymer.  
The negative charges in microgel C are mainly located near the core of the microgel. Thus 
PDADMAC has to penetrate into the microgel. This steric hindrance leads to charge reversal 
though the amount of charges of the polycation and the negative groups in the microgel equal 
not unity (ncr<1). Though charge reversal is observed at ncr<1, PDADMAC binds 
quantitative up to ncr≈1.2. More PDADMAC per negative charge can bind to the microgel 
since the charge density of the charged groups within the microgel is smaller compared to 
microgel D or to linear polyanions.60  
Decreasing the charge density of the microgels even further as in microgel A and B requires a 
higher amount of PDADMAC to overcharge the complexes. More PDADMAC per negative 
charge is needed, since the low charge density cannot be balanced as the charged monomers 
in the microgel are confined in the microgel network different to polyelectrolytes with 
different charge densities.  
Surprisingly, microgel B (5.4 mass% MAA) and microgel C (11.5 mass% MAA) bind almost 
the same quantity of polyelectrolyte per mass microgel before charge reversal occurs. Charge 
reversal occurs at 183 and 173 milligram PDADMAC per gram microgel, respectively. These 
masses correspond to nominal charge ratios of 1.8 and 0.8 respectively. More PDADMAC 
has to bind to microgel B before charge reversal occurs though the microgel C contains more 
than twice the amount of MAA. This behaviour can be explained with the different charge 
densities of the microgels.  
The composition and the measurements of the electrophoretic mobility of the complexes 
clearly show that the charge density of the microgels has an influence on both the bound 
amount of polyelectrolyte and the composition at which charge reversal occur. The lower the 
charge density of the microgel, the more polyelectrolyte is needed per negative charge in the 
microgel in order to overcharge the microgel-polyelectrolyte complex. The influence of the 
charge density on the composition at which charge reversal occurs is also found for rigid 
nanoparticles as silica and latex23 but not for polyelectrolyte simplexes2. Linear 
polyelectrolytes with a low charge density can change their conformation thus changing the 
distance between the charged groups leading to precipitating complexes with an oppositely 
charged polyion of high charge density at 1:1 composition. Rigid nanoparticles cannot change 
their charge density and bound polyelectrolyte of high charge density leads to overcharged 
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complexes at charge ratios bigger than unity.23 The concept of the mismatch of the charge 
densities of polyelectrolyte and substrate is also valid for the investigated PNiPAM-co-MAA 
microgels and PDADMAC. The charge density of microgels can be increased and a 1:1 
complex is formed just as in simplex formation. This 1:1 complex is not charged but does not 
flocculate, contrary to complexes of polyelectrolyte and rigid nanoparticles21 but similar to 
C3Ms61. Both, microgel-polyelectrolyte complexes and C3Ms, are still stabilized by 
hydrophilic groups.     
 
 
6.4.5 Summary 
 
This study demonstrates the prominent properties of multisensitive microgels. The 
temperature- and pH-sensitive PNiPAM-co-MAA microgels merge qualities of (linear) 
polyelectrolytes and nanoparticles. It was found that the charge density of the microgel can be 
probed by titration and employing the modified Henderson-Hasselbalch equation. The charge 
density is a key parameter determining the amount of polyelectrolyte binding to a microgel.  
Stable and soluble complexes of microgels and oppositely charged polyelectrolytes are 
formed over the investigated range of composition, similar to interpolyelectrolyte complexes. 
The amount of bound polyelectrolyte can be used to manipulate the electrophoretic mobility 
similar to rigid nanoparticles.  
The study helps to understand and to predict the amount of binding polylelectrolyte to 
charged microgels. It correlates both the binding amount and the composition at which charge 
reversal occurs with the charge density of the microgels. The charge density of microgels can 
be influenced by parameters during the synthesis as e.g. the pH-value but also by the 
architecture of the microgel.  
The results will help to tune the properties of microgels to optimise e.g. the take-up of 
enzymes or DNA since the quantity of the binding species can be influenced by the amount 
and the distribution of charges in the microgel. The distribution of the charges thus allows 
adjustment of the composition at which charge reversal occurs. In addition, the charge density 
of microgel and microgel-polyelectrolyte complexes can be influenced by temperature. This 
potential trigger will be investigated to change the composition of microgel-polyelectrolyte 
complexes.  
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6.5 Supporting information 
 
Table 1: Microgels with different amounts of crosslinker: The microgels are named according to the 
amount of crosslinker. Synthesis were done in 1000 mL water. 
 
microgel 
MAA / mass% 
 in feed 
MAA / mass%  
in gel 
NiPAM / g BIS / g 
1.7 8.5 11.5 17.96 0.34 
3.5 8.4 10.1 17.62 0.70 
5.0 8.0 9.2 17.40 1.00 
10.6 8.5 11.0 16.18 2.12 
 
Table 2: Microgels with different co-monomers: The microgels are named according to the functional 
comonomer. Synthesis were done in 750 mL water; 13.75 g NiPAM and 0.60 g BIS and 17.9 mmol co-
monomer were used in each synthesis.  
 
micro
gel 
Co-monomer/ 
mass% 
 in feed 
co-monomer / 
mass%  
in gel 
Co-
monomer / 
g 
Yield / % yield / g co-monomer / g  
in gel 
co-monomer / 
mmol in 
supernatant  
co-monomer / g 
in supernatant 
MAA 9.3 13.8 1.47 57 9.02 1.24 2.3 0.20 
AA 8.1 6.7 1.27 63 9.84 0.66 8.3 0.61 
BA 9.3 2.3 1.47 60 9.49 0.22 15.5 1.33 
 
Table 3: Microgel synthesis with different amounts of methacrylic acid: Microgel C was also used in other 
studies.[39,52] The masses in row „D“ refer to the masses of the monomers used for the shell. Microgel D 
is a core-shell microgel prepared by a two step seed-and-feed synthesis. 0.55 g of a PNiPAM microgel were 
added as seed. First, a pure PNiPAM microgel was synthesized and purified as core. The shell consisting 
of equal masses of NiPAM and MAA and 2 mass% of crosslinker were added in a second reaction. 
 
microgel 
MAA / mass% 
 In feed 
MAA / mass%  
in gel 
NiPAM / g BIS / g VH2O / mL 
A 2.4 3.1 18.35 0.81 1000 
B 5.4 5.4 7.55 0.14 500 
C 8.5 11.5 29.93 1.23 1500 
D - 31.7 0.42 0.02 125 
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S 1: temperature-dependent Rh of PNiPAM-co-MAA microgels with different amounts of crosslinker (see 
legend) at fully protonated (pH 3; left side) and fully deprotonated (pH 9; right side) conditions.  
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S 2: temperature-dependent Rh of PNiPAM-based microgels with different functional monomers at fully 
protonated (pH 3, open symbols) and fully deprotonated (pH 9, closed symbols). Top row, left side: 
PNiPAM-co-MAA; top row, right side: PNiPAM-co-AA; lower row, left side: PNiPAM-co-BA. 
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S 3: Temperature dependent size of microgels with different charge densities at various pH-values. Top 
shows the PNiPAM-co-MAA microgels A and B with 3.1 mass% and 5.4 mass% MAA (left and right), 
bottom shows microgels C and D with 11.5 mass% and 31.7 mass% MAA (left and right). Microgel D 
(31.7 mass% MAA) is a core-shell microgel consisting of an uncharged PNiPAM microgel core (open 
circles) and a PNiPAM-co-MAA shell.   
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7. Influence of architecture on the interaction of 
negatively charged multisensitive poly-N-
isopropylacrylamide-co-methacrylic-acid microgels with 
oppositely charged polyelectrolyte: Absorption vs. 
adsorption 
 
 
7.1 Abstract  
 
Two sets of core-shell microgels composed of temperature-sensitive poly-N-
isopropylacrylamide (PNiPAM) with different spatial distribution of pH-sensitive 
methacrylic acid (MAA) groups were prepared. The cores consist either of PNiPAM (neutral 
core; nc) or PNiPAM-co-MAA (charged core; cc). A charged shell existing of PNiPAM-co-
MAA was added to the neutral core (yielding neutral core – charged shell; nccs), on the 
charged core, on the other hand, a neutral shell of PNiPAM was added (charged core – 
neutral shell; ccns). Complexes of these microgels with positively charged 
poly(diallyldimethylammonium chloride (PDADMAC) of different molar masses were 
prepared. The amount of bound polyelectrolyte was quantified and the microgel-
polyelectrolyte complexes were characterized by their electrophoretic mobility and by size 
measurements. The penetration of polyelectrolyte into the microgel was also monitored by 
means of lifetime analysis of a fluorescent dye covalently bound to poly-L-lysine providing 
information on the probe’s local environment.  
The architecture of the microgel has a significant influence on the interaction with oppositely 
charged polyelectrolyte. Complexes with microgel with the charged shell tend to flocculate at 
charge ratios of 1 and are thus similar to polyelectrolyte complexes with rigid colloidal 
particles.  
Complexes with microgels that consist of a charged core and a neutral shell show very 
different properties: They are still temperature sensitive and reveal an influence of the 
polyelectrolyte’s chain length. Low molecular weight PDADMAC can penetrate through the 
neutral shell into the charged core and thus nearly no charge reversal occurs. The high-MW 
polyelectrolyte does not penetrate fully and leads to charge reversal. The results demonstrate 
that microgels are able to ab-or adsorb polyelectrolytes depending on the polyelectrolyte’s 
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chain length and the microgels architecture. Complexes with different surface properties and 
different colloidal stability can be prepared and polyelectrolytes can be encapsulated in the 
microgel core. Thus multisensitive core-shell microgels combine permeability and 
compartmentalization on a nanometre length scale and provide unique opportunities for 
applications in controlled uptake and release.  
 
7.2 Introduction  
 
Microgels are nanosized, cross-linked polymer particles swollen by solvent and the degree of 
swelling can be controlled by the quality of the solvent. If the quality changes from good to 
poor, solvent is expelled from the inside of the microgel and the microgel collapses. The most 
often employed temperature sensitive microgel system is poly(N-isopropylacrylamide), 
PNiPAM, which becomes insoluble in water at 32°C, however, this volume phase transition is 
completely reversible.1,2 The volume phase transition temperature (VPTT) and therefore the 
swelling can be adjusted via the hydrogen bonding pattern by incorporating different 
comonomers3, or by charged comonomers. In the latter case, comonomers that can be (de-
)protonated yield very interesting properties since these microgels are then multi (temperature 
& pH) sensitive.4,5,6  
The distribution of the single comonomers inside the microgel is a fundamental 
parameter which influences the temperature- and/or pH-induced swelling of the microgel, 
since charged groups located in a loosely cross-linked shell can contribute better to the 
swelling of a microgel as compared to charged monomers in the core of the microgel.7 Core – 
shell microgels8 can be prepared by two step synthesis. First the core is polymerised and used 
as a seed in a second reaction to yield the core-shell microgel. This sequential procedure 
allows the spatial separation of the functional (or sensitive) monomers leading e.g. to systems 
with highly cross-linked shells.9  
The interaction of microgels with charged and uncharged molecules10 and surfactants11,12,13,14 
is widely studied since the thermo-responsive nature of the microgels offers a wide range of 
applications and especially the field of drug and enzyme uptake and release is 
promising.15,16,17,18,19,20 However, only few studies on microgel interaction with polymers21 or 
polyelectrolytes22,23,24 have been reported though polyelectrolytes may serve as a model 
system for enzymes and proteins. Furthermore, the concept of layer-by-layer deposition of 
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polyelectrolytes on microgels offers the possibility to merge the concept of polyelectrolyte 
hollow capsules25,26 for drug delivery and the stimuli-sensitivity of a microgel.27,28  
Since the properties of the microgel are altered by the amount of bound material (surfactant, 
drugs, polymers etc.) the bound amount needs to be quantified. Furthermore the properties as 
e.g. the charge reversal induced by oppositely charged polyelectrolytes is an important factor 
influencing the stability of the complexes.29,30 The stability of these water soluble complexes 
depends on pH, salinity, mixing ratio and architecture of the different 
polyelectrolytes.31,32,33,34,35  
The spatial distribution of charges inside the microgel determines the interaction with 
polyelectrolytes. Adsorption onto the microgel would lead to a strong surface modification 
while absorption would require penetration into the microgel. Surface modification is 
important for layer-by-layer build up while the penetration is important for uptake and 
release. 36   
In order to address this important issue, we prepared two sets of core – shell microgels 
with different spatial distribution of charges and studied the interaction with an oppositely 
charged polyelectrolyte poly(diallyldimethylammonium chloride) (PDADMAC) of different 
molecular weight ((i) low-MW sample with MW of 10-20 kg mol-1 and (ii) high-MW sample 
with MW 400-500 kg mol-1). The properties of the core and core – shell microgels will be 
discussed in the first part, in a second part the interaction of the PDADMAC with the different 
microgels is described. The microgel-PDADMAC complexes were characterized with respect 
to size and electrophoretic mobility, the bound amount of PDADMAC was quantified by 
polyelectrolyte titration. In the third part the fluorescence lifetime of FITC-labelled poly-L-
lysine bound to the different microgels was analyzed. The fluorescent label is used as a probe 
to study the environment of the poly-L-lysine and provides further information on the 
penetration of polyelectrolytes into microgels.  
 
7.3 Experimental 
 
Materials: N,N`-methylenebisacrylamide (BIS) and potassium peroxodisulfate (KPS) were 
ordered from Merck. Methacrylic acid (MAA) was obtained by ABCR, N-
isopropylacrylamide (NiPAM) was purchased from Acros. The fluorescent label 
methacryloxyethyl thiocarbamoylrhodamine B (MRB) was purchased from Polysciences Inc; 
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sodium dodecyl sulfonate (SDS) was ordered from Sigma-Aldrich. Two different PDADMAC 
samples were used for adsorption experiments (i) low-MW sample with MW of 10-20 kg mol-
1 and (ii) high-MW sample with MW 400-500 kg mol-1. The low-molecular weight 
PDADMAC was a gift by Katpol, Germany, the latter one was delivered by Aldrich, as well 
as diallydimethylammonium chloride (65wt% in water) and polystyrenesulfonate (PSS) with 
a molecular weight of 70-100 kg mol-1. Tolidine O was purchased from Serva Chemicals. 
FITC labeled Poly-L-lysine (PLLFITC) was ordered from Sigma-Aldrich and had a molecular 
weight of 30-70000 g mol-1. Tris(hydroxymethyl)aminomethane (TRIS) was purchased by 
MP Biomedicals. All chemicals were used without further purification. Solutions for lifetime 
measurements were prepared with Lichrosolv water (Merck). All other solutions were 
prepared with double distilled water if not otherwise stated. 
Microgel synthesis: The microgels were synthesized by free radical polymerisation in water. 
Water was heated to 75°C and flushed with nitrogen for 1 hour. The monomers were 
dissolved, the reaction was started by KPS. The microgel particles were stabilized with SDS 
during the reaction. The synthesis were done in 1.5 L water, the monomer concentration was 
2 mass%, the reaction was started with 1.5 g KPS. Additionally 0.1 wt% of  MRB were added 
to the core synthesis. The ratio of core to shell monomer was 1:2 for both systems, SDS 
concentration was 1.5 mM (cmc=8mM). 
After 6 hours the solution was allowed to cool down overnight and the solution was 
centrifuged in a Sorvall Discovery 90 ultracentrifuge for 45 minutes. Between each 
centrifugation the supernatant was removed and replaced by water to redisperse. After three 
cycles of centrifugation the solution was freeze dried. Surfactant was used in all reactions to 
stabilize the microgel suspension at elevated temperature and to prevent coalescence.  
The addition of the shells followed this procedure: The core microgel was dissolved in 
surfactant solution overnight, heated up and purged with nitrogen. The shell monomers and 
KPS were diluted in degassed water. One forth of this solution was added to the reaction 
vessel. The rest of the solution was added over two hours and the reaction was run for six 
hours.  
The mass ratio of core to shell was determined by i) comparing the masses of the monomers 
and the core in the synthesis and the obtained mass of the core-shell microgel ii) measuring 
the molar mass by static light scattering and iii) comparing the amount of methacrylic acid of 
the charged core and the charged core – neutral shell microgels. All methods gave similar 
results within 10% accuracy. For more details see Table 5. 
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Table 5: Properties of the microgels. The amount of methacrylic acid in the microgel is listed 
in column “titration”.  
 
 
Monomer feed in synthesis 
Titration 
analysis 
 
 NiPAM 
[mass%] 
BIS 
[mass%] 
MAA 
[mass%] 
MAA 
[mass%] 
dn/dc  
[mL/g] 
MW 
# 
[108 g mol-1] 
       neutral core    nc 96.1 3.9 - - 0.1891 2.1 
charged shell   nccs 90.9 3.9 5.1 3.8 0.1915 4.2 
       charged core   cc 90.9 4.0 5.1 6.1 0.2275 5.1 
neutral shell    ccns 96.1 3.9 - 3.5 0.2299 8.7 
# values refer to the MW of the core or the core – shell microgels 
  
Titration: Approximately 100 mg of the microgel were dissolved in 50 mL water and titrated 
with 0.1 M NaOH at 25°C. Conductometric titration yields the amount of methacrylic acid 
monomers inside the microgel. Transmission measurements are a qualitative method to 
investigate the pH-induced swelling behaviour and gives insight in the internal structure of the 
microgel. Methacrylic acid monomers in high cross-linked surroundings can swell less and 
the transmission is less influenced as compared to MAA in weakly cross-linked parts of the 
microgels. The transmission was normalized to zero for fully protonated microgels.  
Microgel solution was transferred to a tempered titration cell equipped with a nitrogen inlet 
and diluted to a volume of 50 mL. 0.1 M HCl was added until solutions pH was around 3. 
After allowing the solution to equilibrate for 30 minutes, portions of 2 µL 0.1 M NaOH were 
added by a Methrohm 665 autotitrator. Conductivity, pH and transmission were recorded. The 
titrations were performed at 25°C.  
Static light scattering and refractive index measurements: Static light scattering was 
performed on a Fica (632 nm; SLS-Sytemtechnik). The data was evaluated with SLS-
Software Version 5.0. Scattering intensity was measured angular-dependent at 20°C from 35 
to 145 degree with one degree increment. The refractive index increment was measured at 
20°C with a differential refractometer DnDc-2010 (WGE Dr. Bures 620 nm) and differential 
refractometer Software Version 3.24 (Brookhaven  Instruments). 
Dynamic light scattering: Dynamic light scattering measurements were done on an ALV 
goniometer with a programmable cyrostat to control the temperature of the sample. Laser 
wavelength was 633 nm, scattering angle was 60°. The samples were highly diluted to avoid 
multiple scattering. The samples were measured at different angles at room temperature prior 
to temperature dependent runs. Samples were measured for 210 seconds. The reproducibility 
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of this method is five percent or better. Error bars with five percent deviation are given for the 
first and last data point of temperature- and pH-dependent measurements, respectively. 
Electrophoretic mobility:  Measurements of the electrophoretic mobility were performed on 
a NanoZS zetasizer (Malvern). The values of the electrophoretic mobility were not converted 
to a zeta-potential. The usual hard-sphere model may not be used to convert the mobility to a 
zeta-potential, since the microgels are porous, soft and swollen by the solvent.37 The standard 
deviation of the measurements was better than 10%. For the sake of clarity, error bars are 
given in the plots for few data points only.  
Polyelectrolyte titration: The indication of a 1:1 complex between polycation and polyanion 
by a dye responding to an excess of one polyion was first described 1952.38 We use a 
fototitrator which was a gift by BASF and described by Horn.39 A PSS solution was added by 
an autotitrator to a sample of PDADMAC which was diluted with approximately 100 mL 
water. 20 µL of a 2 mM Tolidine O solution was added as indicator. Every PDADMAC-
solution was titrated at least three times to evaluate the concentration. The concentration of 
the PDADMAC stock solutions was estimated by polyelectrolyte and argentiometric titration: 
AgNO3 solution of known concentration was added to determine the concentration of the 
chloride counter ions of the polycation. 
Adsorption experiments: Solutions of PDADMAC and microgels were mixed; water was 
added to give a total volume of 10 mL. After three days the mixture was centrifuged for 30 
minutes at 50000 rpm in a Sorvall Discovery 90SE. The supernatant was removed carefully 
and kept for further experiments. 5 mL water was added to the precipitate in the 
centrifugation tube to redisperse the microgel-polyelectrolyte-complex. After two days the 
redispersed complex was investigated by different techniques. Prior to use, samples of all 
polyelectrolyte solutions were centrifuged at 50000 rpm for 30 minutes. No precipitate was 
formed and the supernatant had the same polyelectrolyte concentration as the starting 
solution.  
Mixtures of TRIS and HCL were prepared to obtain solutions with different pH-values. The 
buffer concentration was 5 mM and the ionic strength was adjusted to 50 mM by adding 
NaCl. First the microgel was added to the solution and then the poly-L-lysine was added after 
10-15 minutes. The final polyelectrolyte concentration was around 2.5E-6 mass%. The ratio 
between microgel and polyelectrolyte was calculated by the ratio of acid (MAA) and basic 
(amino) groups. MAA groups were always in an excess (1.5 to 10 times). No lifetime 
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dependence on the microgel/PLL ratio was observed in this range. The complete sample was 
allowed to equilibrate over night before measuring. 
Lifetime measurements: A confocal microscope (PicoQuant) was used for measuring the 
FITC lifetime as described elsewhere.40,41 A pulsed laser (pulse rate: 20 MHz) with an 
excitation wavelength of 470 nm was used. The measurements were performed at room 
temperature. The pH of the sample was measured (Methrohm 744 pH meter) after the 
measurement. The data were treated in the following standard procedure: First the background 
was subtracted and the data was normalized to unity to evaluate the lifetime decay data. For 
each lifetime decay the data was fitted with Origin (Origin Lab Corporation, Version 7.5) 
nonlinear least squares fitting tool. Different fitting models (multi-exponentials, stretched 
exponential) have been tested. Best residuals were obtained with a triexponential fit: 
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With the time dependent fluorescence intensity F(t), and the amplitude αi and the decay time 
τi for each summand i. The mean lifetime <τ> was calculated with the equation given below
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7.4 Results 
 
7.4.1 Characterisation of core – shell microgels 
 
The microgels were synthesized by sequential polymerisation of first the core and after 
cleaning a shell was added (compare Figure 24). Core and shell consist either of cross-linked 
poly(NiPAM) (neutral) or cross-linked poly(NiPAM-co-MAA) (charged).  
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     neutral core (nc)   +   NiPAM + BIS + MAA              neutral core – charged shell (nccs)      
 
 
 
 
 
 
 
 
 
 
 
charged core (cc)   +   NiPAM + BIS              charged core – neutral shell (ccns)  
 
Figure 24: Schematic picture of the formation of the different core and core-shell microgels. The neutral 
parts of the microgels are represented by a grey network, charged regions are shown as dark network. 
Microgel and mesh size are not to scale (for detailed information of the structure of microgels see 
references
 43,44
)  
  
 
 
 
 
 
 
 
 
 
 
Table 6: Properties of the microgels. The amount of methacrylic acid (in mass%) in the entire microgel 
and their hydrodynamic radii and electrophoretic mobilities at 20°C and at pH=4 and pH=9  (see also 
Figure 25). 
 
 Titration Rh  
[nm] 
mobility  
[10-8 m2V-1s-1] 
 MAA 
[mass%] 
pH 4 pH 9 pH 4 pH 9 
      neutral core    nc - 130 132 - 0.16 - 0.13 
neutral core - charged shell   nccs 3.8 171 320 - 0.23 - 1.42 
      charged core   cc 6.1 167 190 - 0.18 - 1.11 
charged core - neutral shell    ccns 3.5 236 245 -0.15  - 0.21 
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Figure 25: pH-dependent properties of the microgels. Left hand side always shows the properties of the 
neutral core and neutral core – charged shell microgels, right hand side shows properties of the charged 
core and charged core – neutral shell microgels. Top: hydrodynamic radii; bottom: electrophoretic 
mobilities. Please note that the scale of the abscissa is always the same but differs for the ordinate. Lines 
are guides for the eye.  Measurements were performed at 20°C.  
 
 
Adding a shell leads to a shell restricted swelling of the core.45 The shell is added onto the 
collapsed core since the reaction temperature is above the VPTT. The estimation of the 
thickness of the shell is not trivial since the core is not rigid in contrast to other core-shell 
systems.46,47 The radii of the cores and the core – shell microgels can be measured in the 
swollen (20°C) and in the collapsed state (50°C) and the shell thickness can be roughly 
estimated by comparing the size of the cores in the swollen and collapsed state with the size 
of the swollen core – shell microgel. The sizes of the cores and the core – shell microgels are 
listed in Table 7. The sizes were measured at pH=4 to compare the microgels in their 
uncharged states.  
Table 7: Hydrodynamic radii of the core and core – shell microgels at 20°C and 50°C at pH=4. Comparing 
the core size in the swollen and collapsed size with the swollen core – shell microgel gives the minimal and 
maximal shell thickness.  
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 Rh [nm] shell thickness [nm] 
 20°C 50°C minimal maximal 
     neutral core    nc 141 61 
neutral core - charged shell   nccs 170 68 
29 109 
     charged core   cc 167 81 
charged core - neutral shell    ccns 240 121 
73 159 
 
In both core – shell microgels, the shells have a similar mass as the corresponding cores. The 
absolute masses of the microgels were determined by static light scattering (compare table 1) 
providing mass ratios of core to shell of 1:1 for the nccs system and of 5.1/3.6≈1.4 for the 
ccns microgel. The mass balance of the synthesis as well as titration of MAA provided similar 
mass ratios. 
 
The minimal thickness of the shell is the difference of the radii at 20°C of the core and the 
core – shell microgels. This thickness would be expected if the core is rigid. Full compression 
of the core would lead to a maximal shell thicknesses, thus the maximal shell thickness is the 
difference of the collapsed cores and the swollen core – shell microgels. 
 
The neutral core shows of course no pH-dependence, whereas the charged core does. 
However, the pH-induced swelling is reduced by adding a neutral shell around the charged 
core (Figure 25). While the charged core swells by ca. 20 nm, the core – shell microgel swells 
less than 10 nm.  
The pH-dependent measurements of the electrophoretic mobilities show the expected 
behaviour. While the neutral core shows no pH-dependence, adding the charged shell changes 
the behaviour completely and the core-shell microgel shows very strong pH-dependence. The 
electrophoretic mobility of the charged core changes pH-dependently, which, however, are 
not as pronounced as for the neutral core – charged shell microgel, since the MAA groups are 
not as close to the surface. Adding a neutral shell onto the charged core yields a microgel with 
an electrophoretic mobility which is not pH-dependent anymore, although it still contains 3.5 
wt% MAA that are fully deprotonated at pH=9.  
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Figure 26: Temperature dependent size of the different microgels at pH=9 (fully deprotonated). Only 
heating curves are shown; cooling cycles matches with the heating. 
 
 
The influence of the shell on the microgel behaviour is also obvious from temperature-
dependent hydrodynamic radii at pH=9 shown in Figure 26. 
The neutral core shows normal temperature sensitive behaviour, it collapses around 32°C. By 
adding the charged shell the microgel becomes much bigger and the temperature sensitivity is 
smeared out, thus the charged shell prevents the microgel from full collapse.48 The charged 
core behaves similar to the neutral shell - charged core microgel; its temperature sensitivity is 
also rather weak. However, by adding the neutral shell the influence of charges becomes 
weaker and the temperature dependent hydrodynamic radius reveals a similar trend as the 
neutral core, although the amount of MAA inside the microgel is similar to the neutral core – 
charged shell microgel.  
In conclusion the sequential synthesis of core – shell microgels lead to three charged 
microgels (namely charged core cc; charged core – neutral shell ccns; neutral core – charged 
shell nccs) the properties of which are influenced by the architecture. The charged groups 
within the microgels are located either in the inside of the microgels (charged core – neutral 
shell) or exposed (neutral core – charged shell). Therefore their interaction with oppositely 
charged polyelectrolytes is expected to be different and might also depend on the 
polyelectrolyte’s chain length.  
 
7.4.2 Interaction of PDADMAC with core – shell microgels 
 
Two PDADMAC samples with different molecular weight were used to study the interaction 
with the different microgels. These PDADMAC are (i) a low-MW sample with MW of 10-20 
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kg mol-1 and (ii) a high-MW sample with MW 400-500 kg mol-1 and were already used 
previously.49 The amount of negative charges of the microgels at a certain concentration is 
known from titrations. Furthermore, polyelectrolyte and argentiometric titration enable us to 
determine the concentration of PDADMAC solutions. The ratio between positive charges 
from the PDADMAC and the negative charges of the microgel is named initial charge ratio, 
icr.  
Adding a certain amount of PDADMAC to a microgel does not necessarily lead to full 
binding of PDADMAC, so the true composition of the microgel-polyelectrolyte complex can 
vary from the icr. The solution containing the mixture of microgel and PDAMAC was 
centrifuged, the complex forms a redispersable precipitation while not attached PDADMAC 
stays in the supernatant and was separated. The amount of PDADMAC in the supernatant was 
quantified and allowing to calculate the amount of PDADMAC bound to the microgel. In the 
following, the composition of the complexes will be characterized by the nominal charge 
ratio, ncr. The ncr cannot be bigger than the icr. If the ncr=icr all PDADMAC is bound to the 
microgel. The use of icr and ncr allows comparing the binding of different microgels with 
polyelectrolytes.  
In Figure 27, the bound amount of low- and high-MW PDADMAC is shown for the different 
microgels. The left hand side shows the nccs microgel, on the right hand side the cc microgel 
and ccns microgel are shown.  
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Figure 27: Composition of the complexes made of low- and high-MW PDAMAC and different microgels. 
The microgels were fully deprotonated (pH=9). Filled symbols show the low-MW PDADMAC, open 
symbols show the high-MW PDADMAC. The complexes prepared from nccs microgel are shown on the 
left, the complexes prepared from the charged core and the ccns microgels are shown on the right side.  
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The neutral core – charged shell microgel is able to bind similar quantities of low- and high-
MW PDADMAC. All offered PDADMAC is bound to the microgel if icr<1 but the binding is 
no longer quantitative if more PDADMAC is offered to the microgel. The amount of bound 
PDADMAC reaches a plateau at ncr≈2, thus the complexes contain twice the amount of 
positive charges (PDADMAC) compared to negative charges (MAA in microgel).  
In contrast, the charged core microgel and charged core – neutral shell microgel show 
different binding for the two PDADMAC samples. The high-MW PDADMAC binds 
quantitatively at icr≤1.4, then a plateau is reached. For the low-MW PDADMAC, however, 
the ncr equals the icr up to a value of two. If even more low-MW PDADMAC is offered to 
both the cc and the ccns microgel the binding is not quantitative anymore but a plateau is not 
reached.   
The composition at which a plateau is reached is expected to depend on the sequence of the 
charged monomers in the microgel. The charge density of the microgels is lower as compared 
to the charge density of PDADMAC. The higher the mismatch of both charge densities, the 
more PDADMAC has to bind to the microgel before all negative charges can be complexed. 
However, the difference of the two PDADMAC samples in the binding behaviour to the cc 
and ccns must have a different origin and will be discussed further below in the discussion 
section. A detailed investigation of the influence of microgel charge density is beyond the 
scope of this publication and will be discussed in a forthcoming publication.  
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Figure 28: Electrophoretic mobilities of the complexes made of low- and high-MW PDAMAC and 
different microgels at pH=9. 
 
The electrophoretic mobilities of the obtained complexes at pH=9 shown in Figure 28 reveal a 
similar behaviour as the ncr/icr graphs. The molar mass of PDADMAC has no influence on 
 110 
the electrophoretic mobilities of the complexes with the nccs microgel. Only the ncr 
influences the electrophoretic mobility and charge reversal is obtained at ncr≈1.  
On the other hand, the charged core microgel and the charged core – neutral shell microgel 
show a dependence on the molar mass of PDADMAC. The electrophoretic mobilities of the 
complexes made of these microgels and high-MW PDADMAC stay at constant negative 
values for ncr<1. Charge reversal is found at ncr≈1 and the value of the electrophoretic 
mobilities rise to values of +5.0 10-8 m2V-1s-1. The low-MW PDADMAC, however, shows 
different behaviour. The  electrophoretic mobility of the charged core microgel changes from 
negative to positive at ncr≈1.6 and reaches a constant value of around +1.1 10-8 m2V-1s-1. The 
electrophoretic mobilities of the complexes made of low-MW PDADMAC and the charged 
core – neutral shell microgel stay negative even if the number of positive charges exceeds the 
negative ones by a factor of five.   
In addition, the electrophoretic mobilities of complexes were measured as a function of pH in 
order to study the influence of the degree of protonation of methacrylic acid sites on the 
isoelectric point (IEP).50 In Figure 29 the electrophoretic mobilities of the complexes made of 
cc microgel and low-MW PDADMAC and of ccns microgel and low-MW PDADMAC are 
shown at pH=3 (open symbols) and at pH=9 (filled symbols). The electrophoretic mobilities 
of the complexes at pH=3 are all positive and with increasing ncr (i.e. bound amount of 
PDADMAC) the electrophoretic mobility rises. At ncr≥2 the electrophoretic mobilities of the 
complexes stay constant at values of +5.7 10-8 m2V-1s-1 (cc microgel) and +4.3 10-8 m2V-1s-1  
(ccns microgel). The more PDADMAC is bound to the microgel (the higher the ncr) the more 
the isoelectric point (IEP) is shifted to basic pH. In Figure 30 the IEPs of the complexes made 
of the cc microgel and the ccns microgel with low-MW PDADMAC are plotted vs. ncr. The 
IEP of both investigated microgels stay around 4 for ncr≤1. For ncr>1, IEP rises to 10 and 6 
for the cc and ccns microgel, respectively. When the pH was changed back to pH=9, the same 
values for the electrophoretic mobility were obtained. Obviously, the microgel-polyelectrolyte 
complexes with the low-MW PDADMAC are very stable. Also temperature-dependent size 
measurements showed normal behaviour of the complexes of cc and ccns microgel and low 
MW PDADMAC (see supporting information, S1 and S2). The complexes of nccs microgel 
and PDADMAC showed no temperature-sensitivity indicating the formation of a physically 
cross-linked shell (see supporting information, S3).  
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Figure 29: Eelectrophoretic mobility of the complexes consisting of charged core microgel (circles) and  
charged core – neutral shell (ccns) microgel (squares)  and low-MW PDADMAC at pH=9 (filled symbols) 
and pH=3 (open symbols) 
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Figure 30: Isoelectric points of complexes of the charged core (cc) and charged core – neutral shell (ccns) 
microgels with low-MW PDADMAC as function of composition. Filled symbols show the complexes 
containing the cc microgel, open symbols the ccns microgel.  
 
 
The complexes with the high-MW PDADMAC showed either flocculation or the complexes 
gave not the same electrophoretic mobilities when the pH was changed from pH=9 to acidic 
and back to basic conditions. The hydrodynamic radii of the complexes at 20°C of the 
complexes with high MW PDADMAC are shown in the supporting information (supporting 
information S4).   
Apparently, complexes with the high-MW PDADMAC are not as stable as complexes with 
the low-MW PDADMAC when the pH is changed after preparation. This is contrary to 
normal polyelectrolyte complexes since usually higher number of binding sites for high-MW 
polyelectrolyte enhanced complex stability. The behaviour can be explained with the different 
penetration of the two PDADMAC samples. The low-MW PDADMAC can penetrate into the 
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microgels and can form multiple binding sites with MAA groups. The penetration of the high-
MW PDADMAC is, however, hindered and less binding sites are formed.  
 
7.4.3 Lifetime measurements – interaction of PLL with core-shell 
microgels 
 
The lifetime of fluorescent dyes can depend on the dye’s local environment and thus lifetime 
data can provide interesting information on the interpenetration of polyelectrolytes and 
microgels.42 The pH-dependent lifetime of free fluoresceine and of PLLFITC is displayed in 
Figure 31. Free fluoresceine shows a lifetime around 4 ns comparable to values in the 
literature51 and is nearly pH-independent for the investigated pH range. PLLFITC shows a 
slightly lower lifetime of around 3.5-3.6 ns but the lifetime is still independent from pH. The 
lifetime is also independent of the PLL concentration. 
Figure 31 shows as well the lifetime vs. pH for complexes formed by PLLFITC and different 
microgels. Comparing the different microgel/PLL systems two groups are found. On the one 
hand, the complexes formed by cc and ccns (with cc as a core) show nearly the same 
behaviour. Starting with a lifetime around 3.15 ns at pH=6.5, the lifetime decreases at higher 
pH. On the other hand, nccs, the microgel with the charge in the shell, reveals a lifetime 
around 3.45 ns at pH=6.5 which is in-between free PLL and the complexes with cc and ccns 
microgels. The pH-dependence is similar for all complexes. 
The data in Figure 31 show that different lifetimes were observed for different groups of 
samples. The lifetime of the FITC-labelled PLL shows no pH-dependence just as free 
fluoresceine, indicating that PLL has the same chain conformation in the investigated pH-
range. PLL adopts a random coil conformation under these conditions; denser conformations 
like α-helix or β-sheet where dye label and PLL chain have more possibilities to get in contact 
are stable only at higher ionic strengths or pH-values. 52,53,54,55,56 
The complexes of PLLFITC with the nccs microgel reveal a lifetime in-between free PLL and 
the complexes with for the cc and ccns microgels. The polyelectrolyte will be located in the 
charged shell of the nccs microgel as the polymer - microgel interaction is dominated by 
electrostatics. The relatively high lifetime, which is close to the value for free PLL indicates 
that the shell provides an environment for the PLL which is similar to that of free PLL. This is 
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in good agreement with the low segment density of such microgels at the surface as compared 
to the interior, and indicates that PLL is located at the surface of the nccs microgel. 
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Figure 31: Plot of the pH-dependence of the mean lifetime for complexes between PLL
FITC
 and different 
microgels. The lines are guides to the eyes. 
 
 
 
7.5 Discussion 
 
Three different microgels were prepared with distinctly different spatial distribution of MAA 
groups, which leads to distinctly sensitivity of size and electrophoretic mobility to 
temperature and pH. These microgels are used as model systems to study the interaction with 
oppositely charged polyelectrolytes.  
First we discuss the interaction of the different microgels with PDADMAC.  
 
7.5.1 nccs microgel 
 
In Figure 4 on the left side the icr/ncr graph for the nccs microgel is shown. Both MW 
PDADMAC interact in similar quantities and also the measurements of the electrophoretic 
mobility (Figure 5, left) yield similar results. The charged moieties of this microgel are 
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located in the loosely cross-linked shell and are thus easily accessible for the polyelectrolyte 
and PDADMAC penetrates into this shell independent of chain length. The complex made of 
high-MW PDADMAC with ncr=1 is not stable (data not shown) but forms aggregates. 
Increased binding of PDADMAC leads to a stabilisation, as e.g. monitored by the 
electrophoretic mobility (Figure 5). The behaviour of the nccs microgel is similar to rigid 
colloidal particles. Complexes of e.g. latex particles and oppositely charged polyelectrolytes 
tend to flocculate at charge ratios of 1.57,58,59 In addition, quantitative studies revealed also no 
influence of the polyelectrolyte’s chain length.60 Obviously, the different surface structure of 
a microgel as compared to a rigid particle does not significantly alter polyelectrolyte binding 
when the microgel charges are located near the surface. 
 
7.5.2 cc and ccns microgel 
 
These microgels bind more of the low-MW than of the high-MW-PDADMAC. This indicates 
that the high-MW PDADMAC is less able to penetrate into the microgel as compared to the 
shorter polyelectrolyte. Comparing the bound amounts of PDADMAC to the cc and ccns 
microgels, respectively, reveal that the binding is exclusively driven by electrostatics. A 
significant unspecific binding would lead to a different development of the composition and 
more PDADMAC would bind to the ccns microgel as compared to the cc microgel.  The 
addition of the uncharged shell onto the charged core led, however, to no extra binding of 
PDADMAC. 
The  electrophoretic mobilities of the complexes containing high-MW PDADMAC turn from 
negative to positive at ncr=1 and rise to high values. The electrophoretic mobilities containing 
low-MW PDADMAC, however, turn hardly positive (cc microgel) or remain negative (ccns 
microgel).  
These results indicate that both polyelectrolytes are able to penetrate through the non-charged 
shell, however, to a different extent. Apparently the low-MW sample penetrates to the 
charged core and thus nearly no charge reversal occurs. The high-MW polyelectrolyte does 
not penetrate fully and leads to charge reversal. This behaviour is schematically illustrated in 
Figure 32.   
This different degree of penetration also explains the different colloidal stability of the 
complexes. The low-MW PDADMAC is bound inside the core and thus the complexes are 
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stabilized by the neutral shell preventing aggregation. Complexes with the high-MW 
PDADMAC have polycation chains at the surface leading to a positive electrophoretic 
mobility. These chains can also lead to aggregation via bridging or patches and thus explain 
the reduced stability as compared to complexes with low-MW PDADMAC. 
The ccns microgel can be compared with porous materials as fibres61,62, microspheres63, 
porous glass64 or columns for chromatography65,66. The binding of PDADMAC to these 
materials depends on the molecular weight of the polycation. The studies further revealed that 
low molecular weight polyelectrolyte binds to a bigger extend as compared to high molecular 
weight polymers. Polyacrylic acid microgel beads show also size exclusion upon binding of 
oppositely charged polyelectrolytes.36,67 These beads with sizes of 80 – 100 µm can be used 
for binding and release of e.g. peptides.68   
The ccns microgel investigated in our study combines both porosity and compartmentalization 
on a nanometre length scale. Binding of high-MW polyelectrolyte on the surface leads to 
charge reversal while low-MW polyelectrolyte can be encapsulated in the core and protected 
by the shell. Thus complexes of core – shell microgels and polyelectrolyte can be used as 
stimuli-sensitive nano-containers. 
 
The polyelectrolyte’s possibility to penetrate through a neutral shell into the charged core of a 
microgel was also observed in the fluorescence study involving labelled PLL as polycation. 
The experimental observation that the PLLFITC shows the same lifetime for the cc and ccns 
microgels (but a different life time as compared to the complexes with the nccs microgel, see 
Figure 31) indicates that the polyelectrolyte is in the same environment for both the cc and 
ccns microgels. This strongly indicates that the PLL is located in the charged core for these 
two microgels. For the core – shell microgel ccns this requires a penetration of the PLL 
through the uncharged shell to the negative charges located in the core. These results are thus 
in very good agreement with studies on the PDADMAC-microgel systems, which also 
indicated that the polyelectrolyte is able to penetrate through the neutral shell into the charged 
core. 
 
The results demonstrate that charged microgels can absorb and adsorb polyelectrolytes of 
opposite charge. The degree of penetration depends on the chain length of the polyelectrolyte 
as well as on the microgel architecture.  
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Figure 32: Schematic illustration of the binding of low- and high-MW PDADMAC to the charged core – 
neutral shell microgel. The low-MW PDADMAC can penetrate through the shell and the electrophoretic 
mobility of the complexes stay negative (left side). The high-MW PDADMAC adsorbs to the surface of the 
microgel leading to a strong surface modification and charge reversal (right side). 
 
7.6 Summary 
 
Three charged microgels (namely charged core cc; charged core – neutral shell ccns; neutral 
core – charged shell nccs) were prepared by sequential synthesis. The spatial distribution of 
the charged monomers inside the microgel is different. The methacrylic acid functions were 
either exposed at the surface (neutral core – charged shell) or located inside the particle 
(charged core – neutral shell).  
Two batches of polyelectrolyte differing in the molecular weight were employed and the 
amount of polyelectrolyte bound to the different microgels was quantified. The spatial 
distribution of charges inside the microgel determines the amount of bound polyelectrolyte 
and the electrophoretic mobility of the complex.  High-MW polyelectrolyte adsorbs close to 
the surface of the microgel (or the shell) while the low-MW polyelectrolyte can penetrate 
through a shell into the microgel core as demonstrated by composition, electrophoretic 
mobility and life-time of fluorescence label.  
Furthermore almost equal icr/ncr plots for cc and ccns microgels indicate that the interaction 
of PNiPAM-co-MAA microgels and PDADMAC is mainly driven by electrostatics. 
Normalisation of the bound polyelectrolyte mass to the charges of the microgels shows that 
both cc and ccns microgels have the same ability to bind PDADMAC.  
The results demonstrate the microgels are able to ab-or adsorb polyelectrolytes depending on 
the polyelectrolyte’s chain length and the microgels architecture. Thus microgels offer 
properties that are distinctly different from rigid nanoparticles. Complexes with different 
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surface properties and different colloidal stability can be prepared easily. In addition, 
polyelectrolytes can be encapsulated in the microgel core and protected by the shell. Thus 
multisensitive core – shell microgels combine permeability and compartmentalization on a 
nanometre length scale. As the shell is penetrable by polymers such microgels provide unique 
opportunities for applications e.g. in controlled uptake and release.  
 
7.7 Supporting Information 
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S33: Hydrodynamic radii of the complexes made of low MW PDADMAC and the different microgels. 
Filled and open triangles show the size of complexes with cc and ccns-microgel, respectively, open squares 
give the sizes of nccs-microgel. All measurements were conducted at 20°C and pH=9.  
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S34: Temperature-dependent size measurement of a complex made ccns microgel with low MW 
PDADMAC at pH=9. Stars show complexes with ncr=0.5 (filled stars) and ncr=2.9 (open stars). Squares 
show the ccns microgel at pH=4 (filled squares) and pH=9 (open squares) for comparism. 
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S35: Temperature-dependent size measurement of a complex made nccs microgel with low MW 
PDADMAC (ncr=2). Triangles and diamonds show the first and second heating (filled symbols) and 
cooling (open symbols). Filled squares show the bare microgel at pH= 9 for comparism. 
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S36: Hydrodynamic radii of the complexes made of high MW PDADMAC and the different microgels. 
Open triangles show the size of complexes with ccns microgel, open squares give the sizes of nccs microgel. 
All measurements were conducted at 20°C and pH= 9. 
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8. Neutral PNiPAM-microgel & PDADMAC 
 
 
8.1 Introduction 
 
Microgels consisting of poly-N-isopropylacrylamide (PNiPAM) can be used in many 
applications, as e.g. to immobilize catalysts or enzymes. Their temperature sensitivity can 
prevent the formation of hot-spots within the reaction mixture since local overheating would 
lead to a collapse of the microgel and protection and separation of the catalyst from the 
reaction mixture but not to a degradation of the enzyme or an auto-acceleration of the 
reaction.1 Another possible application is the separation of mixtures of enzymes due to the 
porous structure.2,3   
Polyelectrolytes can serve as model systems for enzymes. Polyelectrolytes are available in a 
broad range of molecular weight and are easy to quantify. The interaction between 
polyelectrolytes and other particles are supposed to be mainly electrostatic. Other interactions 
as e.g. van-der-Waals-forces can however not excluded a priori. Furthermore, polyelectrolytes 
can be used to stabilize and functionalize microgels.  
The binding of PDADMAC to a PNiPAM-microgel is investigated in this chapter. Besides 
quantitative data also the influence of the binding polycation on the temperature dependent 
swelling behaviour and the electrophoretic mobility is investigated. Two different 
PDADMAC samples were used to investigate the influence of the dependency of the 
molecular weight. 
 
8.2 Preparation of neutral PNiPAM Microgel  
 
Materials: N,N`-methylenebisacrylamide (BIS) and potassium peroxodisulfate (KPS) were 
ordered from Merck. N-isopropylacrylamide (NiPAM) was purchased from Acros. 
PDADMAC with high MW (400-500000 gmol-1) and polystyrenesulfonate (PSS) with a 
molecular weight of 70-100000 gmol-1 was delivered by Aldrich, the low MW PDADMAC 
(10 – 20000 gmol-1) was a gift by Katpol, Germany. Tolidine O was purchased from Serva 
Chemicals. All solutions were prepared with double distilled water. 
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8.2.1 Synthesis 
 
800 mL water were heated to 85°C and purged with nitrogen for one hour. After dissolving 
12480 mg NiPAM, 230 mg BIS (1.8 mass%) and 250 mg SDS (1 mM; cmc = 8mM), 455 mg 
KPS were added to the stirred solution to initiate the reaction. The reaction mixture was cold 
down after five hours and the particles were separated from the supernatant by 
ultracentrifugation. The precipitation was redissolved in water overnight and again 
centrifuged. After three cycles of washing the microgel was freeze-dried.  
 
 
8.2.2 Characterisation 
 
Dynamic light scattering was performed with an ALV goniometer and a laser wavelength of 
633 nm. The microgel solutions were highly diluted and filtered through a 0.8 µm filter, the 
hydrodynamic radius Rhyd had been calculated from second order cumulant fits via Stokes-
Einstein equation. The scattering angle during temperature dependent run was 60°, 
measurements at different angles were performed prior to the start of programmed 
measurements. Electrophoretic mobility was measured on a Malvern Zetasizer3000. Static 
light scattering was performed on a Fica from SLS Systemtechnik with a laser wavelength of 
633 nm at 20°C, the refractive index increment was measured with a Brookhaven BI-DNDC 
differential refractometer at 632 nm.  
 
8.3 Results of the Characterisation 
 
The monodisperse microgel had a size of 178 nm at 20°C and collapses to 82 nm at 50°C. The 
volume phase transition temperature (VPTT) is at 33°C and the particle collapse is fully 
reversible as seen from Figure 37, left side. The molecular weight of 1.4 108 gmol-1 was 
analyzed by static light scattering (dn/dc = 0.175 mLg-1) as shown in Figure 37, right side. 
The molecular weight is in the expected order of magnitude.4,5  
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Figure 37: results of the light scattering experiments with the uncharged PNiPAM-microgel. Left side 
shows the temperature dependent size measurement, right side shows the results of the static light 
scattering performed at 20°. 
 
The electrophoretic mobility of the microgel was constant around 1.5 mV for temperatures 
below 32°C. The sample flocculate above this temperature but dissolved again below the 
VPTT yielding again weakly positive values. The data are shown in Figure 6.  
The microgel particles were stabilized by the surfactant SDS during the synthesis. The 
surfactant was removed by ultracentrifugation yielding the pure PNiPAM microgel with a 
neutral electrophoretic mobility. A microgel with a neutral electrophoretic mobility was 
obtained though KPS was used as starter.6 
 
8.4 Complexes of neutral PNiPAM-microgel & PDADMAC 
 
8.4.1 Preparation 
 
Adsorption experiments: Solutions of PDADMAC and microgels were mixed; water was 
added to give a total volume of 10 mL. The mixture was centrifuged for 30 minutes at 50000 
rpm in a Sorvall Discovery 90SE the next day. The supernatant was removed carefully and 
kept for further experiments. 5 mL water was added to the precipitate in the centrifugation 
tube to redisperse the microgel polyelectrolyte complex. After two days the redispersed 
complex was investigated by dynamic light scattering and measurements of the 
electrophoretic mobility. Prior to use, samples of all polyelectrolyte solutions were 
centrifuged at 50000 rpm for 30 minutes. No precipitate was formed and the supernatant had 
the same polyelectrolyte concentration as the starting solution.  
 126 
Polyelectrolyte titration: A PSS solution was added by an autotitrator to a sample of 
PDADMAC which was diluted with approximately 100 mL water. 20 µL of a 2 mM Tolidine 
O solution was added as indicator. Every PDADMAC-solution was titrated a least three times 
to evaluate the concentration. The concentration of the PDADMAC stock solutions was 
estimated by polyelectrolyte and argentiometric titration: Ag+ was added to determine the 
concentration of the chloride counter ions of the polycation. The bound amount was 
calculated by comparing the concentration of PDADMAC in the supernatant with the initial 
concentration of the PDADMAC stock solution.  
 
8.4.2 Characterisation 
 
1 mL of the redispersed complex solutions was diluted with water to a volume of 
approximately 10 mL. Temperature dependent measurements of the electrophoretic mobility 
were performed on a Malvern Zetasizer3000. The stock solution was further diluted to obtain 
samples for dynamic light scattering. DLS measurements were performed with an ALV 
goniometer and a laser wavelength of 633 nm. The size of the complexes was measured at 
different angles prior to temperature dependent measurements. The scattering angle was 60°.   
 
8.5 Results 
 
The results will be presented always in two graphs since two different PDADMAC samples 
were used. On the left side the results obtained from the interaction of the microgel and the 
PDADMAC with low molecular weight (10,000 – 20,000 gmol-1) will be shown, the right 
side shows the results of complexes prepared with the high molecular weight PDADMAC 
(400,000 – 500,000 gmol-1). 
 
8.5.1 Bound Amounts of PDADMAC 
 
The bound amount of low MW PDADMAC increases linearly with a slope of around six 
percent while the high MW PDADMAC shows a different behaviour (compare Figure 38). 
Only very small amounts of the high MW PDADMAC interact with the uncharged microgel 
up to 800 mg PDADMAC per gram microgel. Exceeding this ratio leads to a similar 
behaviour as for the low MW PDADMAC. The amount of high MW PDADMAC also 
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changes with about six percent of the offered amount. The highest offered amount was for 
both PDADMAC samples 2100 milligram per gram microgel. Roughly 140 mg low MW 
PDADMAC and 100 mg of the high MW PDADMAC were bound at these offered amounts.   
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Figure 38: amount of bound amount PDADMAC on neutral PNiPAM-microgel as a function of offered 
amount in milligram PDADMAC per gram microgel. Left side shows the results obtained with the low 
MW, right side of the high MW PDADMAC. Lines are linear fits.  
 
 
8.5.2 Chains per Microgel 
 
The results shown in Figure 38 can be converted from mass PDADMAC per mass microgel to 
chains PDADMAC per microgel since both the molecular weights of the microgel as well as 
the molecular weight of the two PDADMAC samples are known. The molecular weights of 
the two PDADMAC samples were assumed to be 15,000 gmol-1 and 450,000 gmol-1, 
respectively. No new information can be obtained from the form of the graph shown in Figure 
39 since a linear relationship between the bound masses and the single chains exist. The 
number of interacting chains per microgel is however interesting. While dozens of individual 
chains of low MW PDADMAC bind to one microgel, far less than one chain of the high MW 
PDADMAC bind to the microgel up to 35 offered chains.  
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Figure 39: individual PDADMAC chains per individual microgel. Left side shows the results of the low 
MW PDADMAC, right side those of high MW. Please note that the scale of the axis is not the same.  
8.5.3 Zeta-Potential of the Complexes 
 
The zeta potentials of the complexes were measured at 20°C and at 50°C. The results of the 
measurements are shown in Figure 40, again the left side shows the results obtained from the 
low MW PDADMAC, right side those of the high MW PDADMAC. The zeta potentials of 
the low MW PDADMAC binding to the microgel increase steadily. The absolute value 
changes however only from 1.5 mV (pure microgel) to 5.0 mV (highest bound amount). The 
high MW PDADMAC however behaves differently. Already the first complex with a 
minimal bound amount shows a zeta potential of almost 10 mV. More bound amount of high 
MW PDADMAC yields constant zeta potentials of about 15 mV. Measurements of the zeta 
potentials at 50°C lead to a shift of all zeta potentials to higher values. No change in the 
values of the zeta potentials was found if repetitive temperature dependent zeta potential 
measurements were conducted.  
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Figure 40: zeta potentials of the complexes of the PNiPAM-microgel and PDADMAC at 20°C (filled 
symbols) and at 50°C (open symbols). Left side shows complexes prepared from low MW PDADMAC, 
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right side those prepared with high MW PDADMAC. The zeta potential of the microgel at 20°C is also 
shown (filled star). 
 
 
8.5.4 Temperature dependent hydrodynamic Radii of the Complexes 
 
The hydrodynamic radii of the pure microgel as well as of some complexes are shown in 
Figure 41. Besides the pure microgel also the first (smallest bound amount of PDADMAC) 
and the fifth (highest bound amount of PDADMAC) complex are shown for low MW 
PDADMAC (left side) and high MW PDADMAC (right side), respectively. The different 
behaviour of the two MW PDADMAC is also observed in the size measurements. Complexes 
consisting of the microgel and low MW PDADMAC are both smaller in the swollen state 
(20°C) as well as in collapsed state (50°C).  
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Figure 41: temperature dependent hydrodynamic radii of the PNiPAM PDADMAC complexes. Left side 
shows the results of the complexes prepared with the low MW PDADMAC, right side those prepared with 
the high MW PDADMAC. Besides the pure microgel (squares), the complex with the lowest and highest 
bound amount, respectively are shown (triangle and stars). Filled symbols represent the heating, open 
symbols the cooling cycle. 
 
Bound PDADMAC causes a deswelling decreasing the size from 178 nm to about 150 nm in 
the swollen state. An effect of the bound amount of low PDADMAC is barely visible since 
the two investigated complexes show a similar swelling ratio though the bound amounts differ 
significantly. The swelling ratio is more affected by the high MW PDADMAC. Small 
quantities of high MW PDADMAC lead to a decrease in size in the swollen state similar to 
low MW PDADMAC. 
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8.6 Discussion 
 
The zeta potential of the pure microgel is neutral indicating no negative charges coming from 
the initiator located close to the surface. Nonetheless both used PDADMAC samples bind to 
the microgel. The bound amounts are however different. More mass of the low MW 
PDADMAC can bind to the microgel than the high MW PDADMAC. But both MW have 
different impact on the properties of the complexes. The zeta potential of the complexes 
prepared from the low MW PDADMAC still show neutral values. The zeta potential turns 
positive to about 45 mV if the complexes collapse. The surface properties of the microgel are 
on the other hand altered directly when the high MW PDADMAC interacts with the microgel. 
Offering only small amounts of high MW PDADMAC leads to a small bound quantity 
altering however the surface properties very strong as indicated by the rise in zeta potential to 
values around 15 mV. The formation of a positive charged shell consisting of bound high 
MW PDADMAC might prevent further interaction of PDADMAC.  
The different sites of binding of the two PDADMAC samples (low MW homogeneous, high 
MW surface near) is also supported by the different swelling behaviour shown in Figure 41. 
The complexes made of low MW PDADMAC are smaller in the collapsed state, the 
complexes prepared with high MW PDADMAC are bigger in the collapsed state since the 
polyelectrolyte act as physical crosslinker near the surface of the particle.  
The ratio of bound high MW PDADMAC chains per microgel is smaller than one (compare 
Figure 39, right side). The PDADMAC samples are not monodisperse and the weight average 
of molecular weight of the PDADMAC is very different to the number average of the 
molecular weight. Thus only a small fraction of the offered high MW PDADMAC is able to 
penetrate into the microgel. Increasing the total offered amount of high MW PDADMAC 
increases also the fraction able to penetrate into the microgel. The difference in bound amount 
is also reflected by the zeta potential. Small amount bound near the surface lead to a drastic 
influence on both the zeta potential and the temperature induced swelling. Penetration into the 
microgel, as proposed for the low MW PDADMAC leads to almost no change in zeta 
potential and swelling behaviour.  
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8.7 Comparison to other microgels 
 
The binding of PDADMAC to the charged microgels is always quantitative until 
overcharging and offering more PDADMAC to the neutral microgel – polyelectrolyte 
complex can be well compared to the binding of PDADMAC to the uncharged microgel 
discussed in this chapter.   
Up to 2400 mg high MW PDADMAC per g was offered to the microgel discussed in chapter 
4. This microgel is characterized by a high amount of methacrylic acid and a high charge 
density as discussed in chapter 6. 173 mg high MW PDADMAC per g microgel are needed to 
overcharge this microgel. The highest offered amount of PDADMAC to this microgel was 
2400 mg per g resulting in 322 mg of bound PDADMAC per g. This means, that 149 mg 
PDADMAC per g microgel bind to the neutral microgel – polyelectrolyte complex if 2400 mg 
polyelectrolyte per g microgel are offered. Roughly 140 mg low MW PDADMAC and 100 
mg high MW PDADMAC binds per g microgel to the neutral microgel if 2100 mg per g are 
offered as discussed in this chapter. This means that a charged micrgel that had been 
neutralized by PDADMAC binds excess polyelectrolyte similar as a neutral microgel 
consisting solely of NiPAM and BIS.  
The results also helps to understand the results obtained on the core – shell microgels 
discussed in chapter 7. The charged core and the charged core – neutral shell microgels show 
very different behaviour for the binding of the low and high MW PDADMAC as soon as the 
microgels are overcharged. Significant amounts of low MW PDADMAC still bind to the 
complex while almost no binding of the offered high MW PDADMAC is observed which is 
perfectly in line with the results obtained for the neutral microgel discussed in this chapter. 
Also the the surface modification is similar for the uncharged microgel and the neutralized 
charged core and charged core – neutral shell microgels. The low MW PDADMAC leads to 
no surface modification while the high MW PDADMAC alters the electrophoretic mobility 
significantly.  
 
 
8.8 Summary 
 
Size exclusion takes place during the interaction of a microgel with PDADMAC as proofed 
by quantification of the binding amount of two different PDADMAC samples on a non-
charged microgel. This size exclusion proofs the penetration of PDADMAC into the 
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investigated microgel. The force of a strong polycation to penetrate into a non-charged 
microgel is regarded to be very small. No indication for temperature dependent 
rearrangements was found except for the complex with the highest bound amount of high 
MW PDADMAC.  
The results obtained by the binding of the two PDADMAC samples to the neutral PNiPAM 
microgel help to explain the behaviour of charged microgels that had been overcharged by 
oppositely charged polyeletrolyte. PDADMAC is able to bind to PNiPAM and even 
penetrates into PNiPAM microgels. The interaction of PNiPAM and PDADMAC is, however, 
orders of magnitude smaller than the electrostatic interaction and might be probed by FTIR 
experiments.  
The results may help to manipulate microgels with polyelectrolytes / polymers in a desired 
way, either to modify the surface with high MW polymers or to ingest a certain quantity of 
polymer to separate it from the continuous phase. Also the use of stimuli-sensitive microgels 
as reusable separation devises for enzyme mixture might be possible.  
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9. Summary & Outlook 
 
The temperature sensitivity of microgels makes them ideal candidates for many applications 
in industry and life sciences. The diversity of microgels can be extended by copolymerisation 
with comonomers which can be (de-)protonated. This allows the orthogonal control of 
properties by changing either the temperature or the pH-value. The properties of the microgel 
depend on the amount of crosslinker and on the amount and the distribution of the charged 
comonomers. The distribution of comonomers is determined by the different reaction rates 
and can be investigated by titrational methods.   
Charged microgels can bind oppositely charged polyelectrolytes. The charged normalized 
amount of binding polyelectrolyte is helpful to compare the binding of PDADMAC to 
different microgels. The concept of ncr / icr fails however for pure PNiPAM microgels.  
 
The binding of two PDADMAC samples to a pure PNiPAM microgel was investigated in 
chapter 8. The binding to the microgel showed a differentiated behaviour for the low and the 
high molecular weight PDADMAC. The low molecular weight binds in bigger quantities to 
the microgel and the swelling ratio and the electrophoretic mobility are barely influenced. 
Small amounts of high molecular weight PDADMAC lead however to a strong modification 
of the surface and to smaller amounts of binding PDADMAC. These results indicate that size 
exclusion takes places. The unusual binding behaviour of the high MW PDADMAC may be 
explained by the broad size distribution: The higher the offered amount of PDADMAC the 
bigger is the fraction which can penetrate into the microgel. The neutral microgel can be 
regarded as a model system for charged microgels that been neutralized by polyelectrolyte.  
 
Quantitative binding of one equivalent PDADMAC is always observed for charged microgels. 
All offered polyelectrolyte binds to the microgel until the charge ratio of positive charges 
from the polyelectrolyte and the negative charges from the microgel equals one. The ratio can 
be exceeded if the charge density of the microgel is low enough as discussed in chapter 6. 
Data evaluation of the titrations according to the Henderson-Hasselbalch equation gives 
information about the sequence of the individual acidic functions in the microgel. The charge 
ratio until quantitative binding takes place equals the charge reversal of the complexes.  
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The overcharged complexes can bind extra polyelectrolyte if the polyelectrolyte is not 
immobilized on the surface of the particle. Surface near polyelectrolyte prevents extra 
polyelectrolyte to penetrate into the microgel as seen with the core – shell microgels discussed 
in chapter 7 and the neutral microgel discussed in chapter 8. There, it was found that a 
charged core microgel and charged core – neutral shell microgel bind the same charged 
normalized amounts of PDADMAC proofing that the interaction is dominated by electrostatic 
interaction. In addition, size exclusion was found (compare Chapter 8). The high molecular 
weight PDADMAC got immobilized on the surface of the charged core – neutral shell 
microgel while the small molecular weight PDADMAC got ingested into the microgel and the 
complexes showed no changes in electrophoretic mobility though the complexes carries an 
excess of PDADMAC charges compared to the negative charges of the microgel. The 
crosslink density of the microgel is a crucial parameter to obtain size exclusion of the 
polyelectrolyte. The weakly crosslinked microgel discussed in chapter 4 & 5 shows no size 
exclusion while the neutral microgel and the core – shell microgels in chapter 7 did. In 
addition, the microgel discussed in chapter 4 was prepared without surfactant while 
surfactants were used during the synthesis of the core – shell microgels and the neutral one.  
 
The electrostatic character of the interaction of PDADMAC and PNiPAM-co-MAA microgels 
is also found in many experiments discussed in chapter 4. The release of bound 
polyelectrolyte could be induced by conducting binding experiments at temperatures below 
and above the VPTT of the microgel as discussed in chapter 5. The amount of bound 
polyelectrolyte is less above the VPTT and heating up a complex prepared below the VPTT 
can lead to release of material. Though the formation of the complexes is very fast, 
rearrangements over several hours were monitored indicating a reptation of the 
polyelectrolyte inside the microgel.  
 
In addition, strategies were followed to synthesize microgels with special properties. The 
synthesis of microgels can be tuned to obtain microgels with special architectures as well as 
different amount of charged comonomer. Also the charge density of the microgels can be 
influenced. The modular, quantitative functionalisation of a microgel after the synthesis need 
further improvement, qualitative functionalisation (as e.g. by fluorescent dyes) are possible.  
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Fluorescent labels attached to acrylamide monomers were also synthesized. These dyes were 
successfully used as comonomers in synthesis of the polycations (PDADMAC) and microgels 
so that these polymers could be probed selectively by Fluorescence Correlation Spectroscopy 
(FCS).  
 
The use of the charge diluted PDADMAC-co-NMVA polycations can be helpful to increase 
the knowledge about the interaction of microgels and polyelectrolytes. Bigger quantities of 
the charged diluted polyelectrolyte must bind to the microgel to overcharge the complexes. 
This should affect the temperature sensitivity of the complex since more non-temperature 
sensitive material is incorporated. Furthermore, the increase in mass can be used to increase 
the contrast during neutron scattering experiments. But also limits need to be considered. If 
the charge density of the polyelectrolyte is close to the charge density of the microgel, the 
mass of the polyelectrolyte needed for charge reversal is as big as the mass of the microgel. 
The space inside a microgel is however limited. But also the charge density of the 
polyelectrolyte may not be too small since then no binding might be observed because the 
electrostatic attraction may be smaller than repulsive forces.  
 
The parameters determining the interaction of microgels and oppositely charged 
polyelectrolytes can be visualized by the following graphic: The properties of the microgel as 
amount and distribution of charges, the crosslinker distribution and the architecture of the 
microgel are important. Conditions as pH-value and salinity influence the electrostatic 
interactions; temperature determines the degree of swelling, colloidal stability and charge 
density of microgels. PDADMAC was used exclusively as polyelectrolyte in this study since 
different molecular weights are available in sufficient quantities. Other polyelectrolytes 
including proteins and enzymes may be used in the future. These polyelectrolytes will have 
different charge densities and will be characterized by a different hydrophobicity. These 
parameters were not investigated in this study but they will have an influence on the binding 
of polyelectrolytes to microgels.  
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10. Prospectives  
 
10.1 Tool-box allowing tailor-made Microgels  
 
The comparability of two microgels is never given. Increasing e.g. the amount of crosslinker 
leads of course to a stiffer microgel and no problems occur as long as the microgels consist of 
only NiPAM. The spatial distributions of additional monomers within a microgel need to be 
known as soon as a second main monomer is incorporated. The situation is similar if the 
amount of functional monomer should be changed as exclusive parameter.  
 
 
10.1.1 Same Functionalisation but different Crosslink Density 
 
 
One strategy to change the crosslink density in a given microgel is to introduce groups into 
the microgel that can either form crosslinks after the synthesis yielding a stiffer microgel or to 
incorporate degradable crosslinks in order to reduce the crosslink density to a desired value. A 
very nice attempt had been made by Kuckling and coworkers1,2 using a photocrosslinker. The 
attempt is universal and was also adapted to networks e.g. by Seiffert and Oppermann.3 The 
number of crosslinks can be adjusted by the irradiation time.  
Post-crosslinking of a microgel can also be realized by adding of bifunctional linkers. Suitable 
groups need to be incorporated into the microgel during the synthesis and the microgel must 
stand the crosslinking procedure which is often done in organic solvents. Furthermore, the 
crosslinker needs to diffuse into the microgel and the control of crosslinking is rather 
accidentally than systematically. However, many functional groups can be adopted from other 
fields of polymer science. 4,5  
Besides increasing the crosslink density also decreasing the crosslink density is a strategy to 
get comparable microgels. Lyon and coworkers used a degradable crosslinker for instance.6 
Also the use of other hydrolysable crosslinkers based e.g. on butandiol methacrylate should 
be considered.  
The distribution of the crosslinks obtained either by photocrosslinking or by adding of 
bifunctional linkers leads not necessarily to a crosslink distribution similar to the ones 
obtained by “standard” crosslinking using N,N´-methylenbisacrylamide (BIS). Also the 
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degradation of hydrolysable crosslinks will probably not lead to the same distribution of 
crosslinks as compared to “standard” crosslinking since the hydrolysation will start from the 
surface of the particle towards the core.  
 
 
10.1.2 Same Crosslink Density but different Functionalisation 
 
This strategy follows the idea to use a microgel with given crosslink density and add 
functionalities to modify the microgel. This attempt is similar to the strategy to incorporate 
chemical crosslinks by bifunctional linker. The functional molecules may carry a similar 
group but only one. The molecules must also be equipped with one (two, three, …) 
functionalities (as e.g. carboxylic acid groups) to alter the properties of the microgel. Amino 
acids are adequate candidates for this approach. The amine function may be used to bind to a 
suitable group in the microgel while one (two, three) carboxylic acid group(s) give(s) the 
functionality.  
The attachment of amine functions works with 1-ethyl-3-(3-(dimethylamino)propyl) 
carbodiimide hydrochloride mediated amide formation.7 Carboxylic acid functions need to be 
present in the microgel. Glycidyl functions can also be opened by amines or by azide in order 
to bind molecules to the microgel via click-chemistry. 8,9 Also polymerisable active ester as 
e.g. N-(acryloxy)succinimide (NASI) can be used to be incorporated into the microgel. The 
succinimide moiety can be replaced by amines. These groups are however also influenced by 
hydrolysis. The pH-dependent measurements of size and electrophoretic mobility of an 
unmodified and modified P(NiPAM-co-N-acryloxysuccinimide) microgel are shown in 
Figure 42. The modification was preformed in dimethylformamide (DMF) to prevent further 
hydrolysis of the NASI groups. The DMF was replaced by water by dialysis and the modified 
microgel was also centrifuged several times to remove excess diamine.  
Glycidylmethacrylate can not only be opened by azides but also hydrolysed to give a diol. 
Diols can bind to boric acid yielding anionic groups. These groups are labile and would also 
lead to interesting properties of the microgel.10 
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Figure 42: original and with a diamine modified P(NiPAM-co-N-acryloxysuccinimide) microgel. Left side 
shows the size as a function of pH, right side the electrophoretic mobility. Measurements were done at 
20°C.  
 
 
10.2 Polyelectrolytes: Synthesis and Labelling 
 
The polydispersity of polyelectrolytes synthesized via free radical polymerisation is rather 
big. The polydispersity can be lowered by selective precipitation, dialysis or preparative size 
exclusion chromatography. These methods are time consuming and the resulting molecular 
mass of the polyelectrolyte can only be tuned in very narrow limits. The synthesis by 
controllable methods like ATRP (atom transfer radical polymerisation) or RAFT (reversible 
addition fragmentation chain transfer) is recommended. The methods tolerate however only 
few functional or charged monomers so ideal precursors are needed. These precursor might 
by e.g. tert-butyl acrylate yielding poly(acrylic acid) after polymerisation and deprotecting. 
Controlled polymerisation of N-(acryloxy)succinimide under inert conditions can yield 
multiple polymers. Hydrolysis can yield poly(acrylic acid), substitution by suitable amines (as 
e.g. isopropylamine or diethylamine) gives the corresponding polyacrylamides (PNiPAM, 
PDEEAM). Cationic polyelectrolytes can be synthesized by the controlled reaction of 
dimethylamino methacrylate yielding the weak polyelectrolyte PDMAEMA. The weak 
polycation can be converted to a strong one by methylation.  
The labelling of polymers synthesized by RAFT or ATRP can be done either by direct 
copolymerisation, by incorporation of a suitable monomer (as e.g. NASI) into the chain 
followed by a substitution or via the initiator group. Weak polyacids can form EDC mediated 
amide bonds with dyes. Polycations bearing an amine group can be reacted with NHS-esters 
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or with carboxy groups. Another possibility to get polyelectrolytes with a smaller molecular 
weight distribution is the use of natural polyelectrolytes as e.g. enzymes.  
 
 
10.3 Microgels  
 
10.3.1 Strong Polyelectrolyte Microgels 
 
Strong polyelectrolyte microgels are not sensitive to the pH-value but only to the salt 
concentration of the solution. This simplifies experiments since then the interaction of weak 
polyelectrolytes as poly(ethylenimine), poly(acrylic acid) or enzymes can be investigated at 
different pH-values. Likely charged strong and weak functions (as e.g. sulfonate and 
carboxylic acid groups) incorporated monomers in the same microgel would also lead to 
interesting systems. This particular microgel could carry a permanent charge and even more 
charges could be generated by changing the pH-value. Binding of an oppositely charged 
strong polyelectrolyte would lead to an overcharged complex. This complex could bind a 
polyelectrolyte equipped with the same charge as the microgel. Charging the weak functions 
of the microgel would lead to the repulsion of the microgel and the last offered polyelectrolyte 
(osmotic bomb).  
The synthesis of microgels with permanent charges is not as straightforward as the synthesis 
of microgels with weak charges. Charged groups are only rarely incorporated into the 
growing hydrophobic particles. The incorporation of permanent charged monomers may 
therefore be conducted in the presence of salt or oppositely charged surfactants to shield the 
electrostatic stabilisation. Also the modification of amine groups by quarternisation yields 
strong polyelectrolyte microgels.  
 
 
10.3.2 Charge Distribution inside Microgel 
 
The distribution of the charges inside the microgel is rather more important for the pH-
dependent properties than the bare amount (see chapter 6). The local crosslink density as well 
as the sequence and the average distance between the individual charged monomers is 
important for the properties of the microgel as well as for the charge normalized amount of 
binding polycation and the properties of the resulting complexes.  
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Using poly(acrylic acid) equipped with one or several double bonds as macromonomers in a 
microgel synthesis leads to the incorporation of chargeable groups into a microgel. The 
sequence of the charged groups in the microgel is equal to the sequence in the free 
poly(acrylic acid).  
 
 
10.4 Polyelectrolyte Multilayers on Microgels  
 
The quantification of binding polyelectrolyte on microgels can be easily performed by 
titration of the supernatant of a solution of microgel and polycation after centrifugation. The 
concentration of the microgel stock solution as well as of the polyelectrolyte solution is well 
known. Evaluating the binding amounts becomes more complicated by going from binding of 
an oppositely charged polyelectrolyte to a multilayer built-up. While microgel stock solutions 
can easily be prepared from freeze-dried material the situation is more complicated for 
microgel polyelectrolyte complexes. Furthermore, the concept of icr and ncr is not suitable 
anymore. The amount of charges having their origin in the microgel and also the charges 
introduced by the polyelectrolyte are known. But which nominal should be used to offer the 
second polyelectrolyte having the same charge as the microgel? A ncr bigger than one should 
be chosen but in order to compare different microgels things become again very complicated. 
The binding of oppositely charged polyelectrolyte to PNiPAM-co-MAA microgels is always 
performed at pH 9 so that the microgel is fully negatively charged. Binding of a second 
polyelectrolyte should also be done at conditions at which the complex is fully charged. This 
can be realized by adding protons to an overcharged PNiPAM-co-MAA microgel 
PDADMAC complex to suppress the negative charges of uncomplexed MAA moieties. 
Changing the pH-value leads however to a weakening of the binding of the polyelectrolyte to 
the microgel. Offering of a polyelectrolyte with the same charge as the microgel may 
furthermore induce a desorption of the first polyelectrolyte since the interaction may be more 
favoured.  
The quantification of a first and second “layer” was tried.11 The attempt failed however since 
the complexes were not stabile against changes in the pH-value of the solution. The 
desorption of the first polyelectrolyte by the second polyelectrolyte is hard to proof by 
polyelectrolyte titration. Mixing of a complex (overcharged microgel) with an oppositely 
charged polyelectrolyte (same charge as the microgel) can either lead to binding to the 
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complex or to the stripping of the first polyelectrolyte by the second polyelectrolyte. The first 
scenario gives a complex which is again charged as the bare microgel and the amount of 
polyelectrolyte found in the supernatant is smaller than the initially added one. The second 
scenario yields also complexes (or microgels) which are charged as the original microgel and 
the amount of polyelectrolyte found in the supernatant is also smaller than before since some 
of the first polyelectrolyte is stripped of by the second. No second polyelectrolyte will bind to 
the microgel but the stripped off first polyelectrolyte will complex the second polyelectrolyte 
at least partially. This leads also to a virtual decrease in the polyelectrolyte concentration in 
the supernatant. The decrease is only virtually since the concentration of the second 
polyelectrolyte did not decrease in the supernatant but some of the second polyelectrolyte got 
complexed by the first one and the concentration can thus not be probed exactly by 
polyelectrolyte titration.  
One way to eliminate the problem of physical crosslinking between the microgel and the 
different polyelectrolytes is the formation of chemical crosslinks. PNiPAM-co-MAA based 
microgels can form amide bonds to primary amine functions (as e.g. in PEI or PAH). The 
polycation can be protonated after the first polyelectrolyte had been chemically bound to the 
microgel and the second polyelectrolyte poly(acrylic acid) can be offered to the microgel and 
again bound to the complex by the use of EDC or another agent able to activate carboxylic 
acids.12 Beside the layer-by-layer deposition also the immobilisation of one polyelectrolyte is 
very interesting since this system would be characterized by a number of fixed crosslinks and 
the temperature induced swelling should be altered compared to the un-crosslinked 
complexes. The deposition of PAA and PAH is extreme sensitive to the pH-value and the 
amount of deposited material can be influenced over a wide range.13  
 
 
10.5 Microgels as Drug Delivery Vehicles  
 
Microgels are ideal candidates for controlled uptake and release of molecules. Microgels 
based on PNiPAM feature a volume phase transition temperature of around 32°C which is too 
small for applications in vivo. Copolymerisation of NiPAM with NiPMAM can yield the 
desired transition temperature. The collapse of the microgels is however not homogenously 
but a dirty snowball structure can be possible.14 The collapse of the particle should be used to 
squeeze out the previously ingested material. Therefore the undesired diffusion of the material 
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out of the microgel is to be prevented (compare e.g. the binding of surfactant). The “leaking” 
of the microgel can be achieved by adding polyelectrolyte multilayers around the microgel. 
These multilayers would however act as a physical crosslinker around the microgel and the 
temperature sensitivity used as a trigger may be suppressed by the layers on the microgels. 
The collapse of the particle can also be introduced by a change in the pH-value or the salinity. 
Charged microgels can be swollen though the temperature exceeds the VPTT. Decharging the 
microgel by a change in the pH-value can then lead to the collapse of the particle and thus to a 
release of the material. Also here the dirty snowball structure existing of charge rich “snow” 
and NiPAM rich “dirt” leading to a (partial) release can be possible.  
The transition from collapsed (closed) to swollen (open) may be more suitable to establish a 
drug delivery system based on microgels. Polymers showing an Upper Critical Solution 
Temperature (UCST) behaviour can be used for these system. Polymers showing an UCST 
behaviour swell at a certain temperature. The temperature induced swelling and deswelling of 
microgels is however not realized within a narrow range but is smeared out especially if the 
microgel became modified by charged comonomers.  
The pH-induced swelling at temperatures above the VPTT can also be used to open the 
microgel and switch from a hydrophobic to a hydrophilic state. Grinstaff and coworkers 
synthesized a microgel consisting of hydrolysable acetal functions. The microgel was loaded 
with a drug and then ingested by cells. The slightly different pH-value inside the microgel led 
to hydrolysis and the hydrophobic protection groups were cleaved of and hydrophilic groups 
remained leading to the swelling of the microgel.15 The swelling can also be induced by the 
binding of glucose to a microgel equipped with boronic acid leading to the release of 
insulin.16 
The microgels synthesized in this thesis show partially a very sharp transition at temperatures 
above the VPTT when the pH-value is changed. The swelling of the microgel from collapsed 
to fully swollen can occur within in a very narrow pH-window as seen in Figure 43, left side. 
This microgel carries 1.3 mmol per gram dissociatiable groups and is fully collapsed at pH –
values lower than pH 6 at 40°C. The transmission at 40°C is just the same as at 25°C for pH-
values bigger than pH 6 the transition is however very pronounced in contrast to the smeared 
out transition at 25°C. Experiments were conducted with the same solution first at 25°C and 
then at 40°C. The microgel shown on the right side of Figure 43 contains only 0.3 mmol per 
gram dissociatiable groups and the osmotic induced swelling is less pronounced.  
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Figure 43: pH-induced volume phase transition at different temperatures. Left side shows a PNiPAM-co-
MAA with 1.3 mg COOH / g, right side a PNiPAM-co-MAA microgel with 0.3 mg COOH / g. 
 
10.6 Literature 
                                                 
1 Vo, C.; Kuckling, D.; Adler, H.; Schohoff, M.; Colloid and Polymer Science, 2002, 280, 400 
– 409. 
2 Kuckling, D.; Vo, C.; Adler, H.; Völkel, A.; Cölfen, H.; Macromolecules 2006, 39, 1585-
1591. 
3 Seiffert, S.; Oppermann, W.; Sallwächter, K.; Polymer, 2007, 40, 5599 – 5611. 
4 Bergman, S.; Wudl, F.; J. Mater. Chem., 2008, 18, 41 – 62. 
5 Read, E.; Armes, S.; Chem. Commun., 2007, 29, 3021 – 3035. 
6 Nayak, S.; Gan, D.; Serpe, M:, Lyon; A; small,l 2005, 1, 416 –421. 
7 MacKinnon, N.; Guerin, G.; Liu, B.; Gradinaru, C.; Rubinstein, J.; Macdonald, P.; 
Langmuir, 2010, 26, 1081 – 1089. 
8 Kulinna, H., Forschungsbericht, IPC, 2008. 
9 Meng, Z.; Hendrickson, G.; Lyon, A.; Macromolecules 2009, 42, 7664–7669. 
10 Pelton, R.; Hu, Z.; Ketelson, H.; Meadows, D.; Langmuir 2009, 25, 192-195. 
11 Noack, M.; Bachelorarbeit, IPC 2009. 
12 Richert, L.; Engler, A.; Discher, D.; Picart, C.; Biomacromolecules, 2004, 5, 1908 – 1916. 
13 Shiratori, S.; Rubner, M.; Macromolecules, 2000, 33, 4213 – 4219. 
14 Keerl, M.; Pedersen, J.S.; Richtering, W.; J. Am. Chem. Soc., 2009, 131, 3093–3097. 
15 Griset, A.; Walpole, J.; Liu, R.; Gaffey, A.; Colson, Y.; Grinstaff, M.; JACS, 2009, 131, 
2469 – 2471. 
 145 
                                                                                                                                                        
16 Lapeyre, V.; Gosse, I.; Chevreux, S.; Ravaine, V. ; Biomacromolecules, 2006, 7, 3356 – 
3363.  
 147 
11. Experimental Part 
 
11.1 Monomer Synthesis 
 
Special monomers are needed in order to incorporate certain functionalities into a microgel. 
The condensation of acryloylchlorides and amines bearing the desired functionality can be 
used to produce appropriate monomers (compare Figure 44). The reaction requires dry 
organic solvents and an inert athomosphere to prevent hydrolysis of the acryloylchloride. The 
addition of a base like triethylamine helps to shift the equilibrium to the product side. The 
reaction is fast and quantitative but tolerates no functional groups equipped with protic 
hydrogens.  
O
Cl NH2 R
O
N R
H
H Cl+ +
 
 
Figure 44: synthesis of (meth-)acrylamides from (meth-)acryloylchloride and amine 
 
A milder way to transfer a functionality to an (meth-)acrylamide is the addition of 
hydroxyethylmethacrylate (HEMA) to a thioisocyanat equipped with the desired group 
(compare Figure 45). The reaction is much milder than the condensation but dry solvents are 
also recommended to prevent hydrolysis of the expensive NCS-precursor. One advantage of 
this mild method is the tolerance of serveral functional groups. Another advantage is the 
separation of the functional group from the double bond and the amide function. The 
separation by the ethylene group guarantees for example that the π-system of a fluorescent 
dye is not perturbed. 
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Figure 45: addition of hydroxyethylmethacrylate and an isothiocyanate 
 
Both methods can be used to produce monomers similar to NiPAM, the monomers carrying 
fluoresceine as a functional group were prepared according to the condensation method. Small 
portions with 10 milligram Flouresceinamine were allowed to react with acryloylchloride in 
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tetrahydrofuran. The mixing of the educts was performed at 0°C and the solution was allowed 
to be stirred for 8 hours under nitrogen. After the solution was stirred for another night 
without nitrogen, a small portion of water was added and the solvent was removed under 
reduced pressure. The product was neither characterised nor cleaned. Especially sensitive 
functional groups may not survive the harsh reaction condition during the polymerisation. 
Other methods to incorporate functional groups are also discussed in chapter 9.  
 
 
11.2 Microgel Synthesis & Characterisation 
 
Microgel synthesis are performed in a three necked vessel equipped with a KPG-stirrer, reflux 
condenser and nitrogen inlet. Also the double wall reactor was very useful to run microgel 
synthesis since it is equipped with four openings and the double wall allows controlling the 
temperature of the reaction vessel by a cryostat. The monomers can be added before the water 
is heated up and purged with nitrogen or the addition of the monomers can be done at high 
temperatures. The mass of monomer was never more than two percent of the mass of the 
solvent and the reaction are initiated with KPS. The solution turns usually milky within five 
minutes after initiating. If the reaction does not start, the same mass of KPS was added again. 
The microgel solution was centrifuged and redispersed in water at least three times for 30 
minutes at 50000 rpm. The centrifugation was performed at 40°C if the centrifugation yielded 
not full precipitation of the microgels. The microgel particles were redispersed in water and 
freeze-dried. 100 mg of the dry microgel were dissolved in 10 mL water and allowed to swell 
for two days. This solution was transferred to a temperature controlled titration vessel. The 
pH-value, conductivity and transmission were measured as a function of added volume acid 
and base, respectively. The titrations were performed at 25°C and acid or base was added to 
(de-)protonate the microgel completely before the automated titration started. Small amounts 
of microgel were redispersed in water for pH-dependent measurements of size and 
electrophoretic mobility at 20°C. Also temperature dependent size measurements of the 
protonated and deprotonated microgel were performed at temperatures between 20°C and 
50°C at different angles.  
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11.3 Synthesis of poly(styrene) Particles 
 
A KPG-stirrer was mounted in a three necked 250 mL vessel. The second opening was 
equipped with a reflux condenser, the third opening was used to purge nitrogen and 
monomers in the reaction vessel. 100 mL of water were added and heated up to 80°C while it 
was flushed with nitrogen. 25 mL of styrene and 1.17 g of 4-styrenesulfonic acid, sodium salt 
were added under vigorous stirring. The reaction was initiated by 0.5 g KPS and allowed to 
proceed for four hours.  
The reaction mixture was dialyzed for two weeks, the water was changed every second day. 
The particles were analyzed by small angle x-ray scattering (SAXS) and transmission electron 
microscopy (TEM). The synthesis yielded monodisperse particles with a radius of around 38 
nm (compare Figure 46 and Figure 47). 
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Figure 46: SAXS data of latex particles. Left side shows the q-dependent scattering intensity, right side 
shows the pair distance distribution function. 
 
The particles can bind oppositely charged polyelectrolytes and surfactants since they were 
copolymerized with 4-styrenesulfonic acid. The influence of adsorbed PDADMAC of 
different molecular weight on the hydrodynamic radius of the particles is shown in Figure 48.  
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Figure 47: TEM pictures of latex particles 
 
Adsorbing of PDADMAC leads to an increase in hydrodynamic radius since the 
polyelectrolyte can only bind to the surface of the particles and loops and trains are formed. 
Higher molecular weight of the polyelectrolyte leads to the formation of longer loops and thus 
to a bigger hydrodynamic size. Also oppositely charged surfactants can bind to charged latex 
particles. On the right side of Figure 48 the influence of the stepwise addition of 
cetylpyridinium chloride on size and electrophoretic mobility of latex particles are shown. 
The size of the particles stays constant for a wide range of addition of cetylpyridinium 
chloride.  
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Figure 48: latex particles and polyelectrolytes and surfactant, respectively. Left side shows angular 
dependent hydrodynamic radii of the bare latex and particles modified with low and high molecular 
weight PDADMAC. The right side shows size and electrophoretic mobility of mixtures of latex particles 
and the cationic surfactant cetylpyridinium chloride.  
 
The size increases tremendously at a certain volume. The zeta-potential of the particles is 
neutral at this particular volume. The zeta potential rises slowly from -70 mV to -40 mV and 
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within a small range the charge of the particles becomes inverted. The zeta potential stays 
constant at 35 mV after charge inversion while the size of the particles (or aggregates) is 
around 200 nm which is five times bigger than the particles at the beginning of the 
measurement.   
The interaction of negatively charged latex particles and oppositely charged surfactants or 
polyelectrolytes, respectively were not investigated systematically. The mixtures of latex 
particles and PDADMAC were not centrifuged and the excess of PDADMAC was not 
removed, the zeta potential of the complexes were 18 mV and 68 mV for the low and high 
molecular weight PDADMAC respectively, proving charge reversal. Layer-by-layer assembly 
of polyions on latex particles was also tried.1 
 
 
11.3 Polyelectrolyte Synthesis 
 
11.3.1 General 
 
Diallyldimethylammonium chloride (DADMAC) is the monomer yielding PDADMAC. The 
monomer is available as 65 mass% solution in water. This solution can be added to a three-
necked vessel equipped with a KPG-stirrer, reflux condenser and nitrogen inlet. The use of a  
KPG-stirrer is strongly recommended since the viscosity of concentrated polyelectrolyte 
solutions can be quite high. The polymerisation can be initiated by KPS. The incorporation of 
negatively charged groups by the initiator can lead to different results if different methods are 
used to evaluate the concentration. The results of the argentiometric and polyelectrolyte 
titration may differ up to 1 % for small molecular weights. The difference is related to an 
internal complexation.2 
Typically, 250 g DADMAC solution was added to a 500 mL three necked vessel. The 
solution was heated up to 65°C and purged with nitrogen for one hour. 500 mg KPS were 
dissolved in 5 mL water. The reaction was allowed to proceed for 6 hours. Acetone was added 
to the reaction solution on the next day. The white precipitation was separated from the water-
acetone mixture by centrifugation at 5000 rpm. The precipitation was redissolved in small 
amounts of water before it was again precipitated by acetone. This washing cycle was 
performed three times. The white precipitation was dried in vacuum to remove remaining 
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solvent before it was again redissolved in water and freeze-dried to give a brittle white-
yellowish solid.  
 
11.3.2 Fluorescently labelled PDADMAC 
 
DADMAC can also be copolymerised with different monomers. Fluorescent monomers can 
be used to yield fluorescent polyelectrolytes. The labelling of the individual PDADMAC 
chains may be different since the reaction rates of DADMAC and acrylates are different. 
Nonetheless, copolymerisation of DADMAC and a suitable fluorescent monomer yields 
fluorescently labelled PDADMAC. The dye must be bound to the polyelectrolyte since 
washing of the polyelectrolyte yielded coloured products while the supernatants became more 
and more colourless. Furthermore, the labelled polyelectrolyte can be used to bind to a 
negatively charged, but non-labelled microgel. The size measurements of the resulting 
complexes obtained by DLS and FCS are shown in Figure 49. The results of the different 
techniques are in perfect agreement. The DLS measures the strong scattering microgel 
particles (complexes, respectively) while the FCS is sensitive to the label of the 
polyelectrolyte. The FCS-measurements showed only one species. The fluorescent label can 
also be used to quantify the amount of PDADMAC as also seen from Figure 49, right side.1 
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Figure 49: labelled PDADMAC. Left side shows the size measurements of complexes consisting of labelled 
polyelectrolyte and unlabelled microgel by FCS and DLS. Right side shows the fluorescence intensities of 
solutions containing labelled polyelectrolytes at different concentrations.  
 
Size exclusion chromatography (GPC) was performed at the Fraunhofer Institut in Potsdam, 
AK Laschewsky. The results for the low molecular weight PDADMAC used in many 
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experiments as well as two fluorescently labelled PDADMAC are shown in Figure 52. The 
molecular weight distribution is broad since it covers two orders of magnitude.  
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Figure 50: GPC data of the low molecular weight PDADMAC (Katpol 3-5000) and Katpol 10-20000 as 
well as two fluorescently labelled PDADMAC, JK-P1 (rhodamine) and JK-P4 (fluoresceine) 
 
Linear polymers can also be investigated by rheology. The viscosity η of a solution containing 
the same mass fraction polymer is higher for the polymer with the higher molecular mass. The 
viscosities of three PDADMAC samples (both Katpol samples and JK-P4) were tested at 
different shear rates. The concentration of polymer was 65 mass%, the viscosities were done 
at 20°C. The PDADMAC sample with the lowest molecular weight, Katpol 3-5000 showed 
also the lowest viscosity of around 0.28 Pas. The other Katpol sample showed with 1.1 Pas a 
viscosity which is four times higher than the former one. The flourescein labelled 
PDADMAC JK-P4 did not flow but was highly viscous. Also the viscosity of the sample of 
around 4000 Pas is very high. The frequency dependent analysis (frequency sweep, 10 Pas) 
showed the behaviour according to Maxwell-model. The storage modulus G` of the two 
Katpol samples show very similar values while the loss modulus G`` are different by a factor 
of five. The storage modules scales with slope of two while the loss modules scales with a 
slope of one. Both moduli should thus show the same value at a certain frequency. The cross-
over point of G` and G`` is not in range of possible frequencies; both storage moduli show, 
however, a change in the slope for high frequencies. The deviation from the slope of one is 
more pronounced for the Katpol 10-20000 sample since its average molecular weight is 
higher (compare Figure 50).  
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Figure 51: Viscosities of the two Katpol samples and the fluorescently labelled PDADMAC JK-P4. Left 
side shows the viscosity as a function of the shear rare, right side frequency dependent measurements. Full 
symbols show G`, open symbols G``. Lines have a slop of one and two, respectively.   
 
A cross-over of both moduli is clearly observed for the self-synthesized PDADMAC JK-P4. 
The behaviour of this sample is however more complex than the others. Also the formation of 
a physical or even chemically linked gel cannot be excluded. The incorporated dye bears an 
anionic charge and also the built-up of branched PDADMAC chains is reported.3  
 
11.3.3 PDADMAC-co-diallylamine 
 
DADMAC can also be copolymerised with diallylamine. The amine groups can be used to tag 
the polyelectrolyte with a fluorescent dye. This strategy circumvents three disadvantages. One 
batch of PDADMAC can be labelled with different labels. Also the degree of labelling can be 
controlled in certain limits. Furthermore, the dyes are not exposed to the harsh reaction 
conditions. The synthesis of the polyelectrolyte is done at acidic pH-values so that the 
uncharged diallylamine becomes charged and becomes similar to the 
diallyldimethylammonium chloride. The reaction rates of both monomers should be similar 
thus leading to a homogeneous distribution of the amine groups in the polyion. The amount of 
incorporated allylamine can be evaluated by conductometric titration.1 
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Figure 52: 
1
H-NMR-spectra of P(DADMAC-co-diallylamine) in D2O 
 
11.3.4 PDADMAC-co-NMVA 
 
The charge density of PDADMAC can be homogenously diluted with N-methyl-N-
vinylacetamide (NMVA). Appropriate amounts of DADMAC can be replaced by NMVA. 
The charge density becomes homogenously diluted since the copolymerisation parameters of 
DADMAC and NMVA are equal. The work-up is the same as for the homopolyelectrolyte, 
the ratio of DADMAC to NMVA can be estimated by argentiometric and polyelectrolyte 
titration.4 The results of the argentiometric titration of the different copolymers are shown in 
Figure 53. The mole fraction of DADMAC in the copolymer equals the mole fraction in the 
synthesis, four copolymers with ideally charge dilution could be prepared. The ratios of 
DADMAC:NMVA are 10:90; 25:75; 50:50 and 75:25. 
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Figure 53: ideally charge diluted PDADMAC-co-NMVA  
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11.4 Sample Codes of Microgels & Polyelectrolytes  
 
Jochen Kleinen   mass% MAA reference 
JK01 PNiPAM co MAA, 1.8 mass% BIS 11.5 cha 4&5 
JK02 co-Arylamid    
JK03 pure PNiPAM   chapter 8 
JK04 not succesful    
JK05 HEMA-NiPAM Schale auf JK03    
JK06 with Allylamin, not succesful    
JK07 labeled with FITC    figure 9  
JK08 co-2-Acylamido-2-methylpropanesulfonicacid    
JK09 co-NASI    
JK10 5.0 mass% BIS 9.2 figure 5 
JK11 3.5 mass% BIS 10.1 figure 5 
JK12 3.Aminopropylmethacroylamide (cationic) 7.0  
JK13 low amount of MAA 3.4  
JK14 AK02 + charged shell  31.7 chapter 7  
JK15 10.6 mass% BIS 11.0 figure 5 
JK16 PNiPAM in presence of poly(acrylic acid)    
JK17 1.7 mass% BIS 10.3  
JK18 JK07 mit rhodamine labeled shell    
JK19 low crosslinked  PNiPAM-co-MAA 18.8  
JK20 Rhodamine-co-FITC Mikrogel     
JK21 AK03 + FITC shell, not succesful    
table 8: microgels synthesised by Jochen Kleinen 
 
 
Andreas Klee    
AK01 charged core 6.1 chapter 7 
AK02 uncharged core    chapter 7 
AK03 charged core – thick neutral shell 3.5 chapter 7 
AK04 charged core – thin neutral shell 4.9 chapter 7 
AK05 uncharged core – thick charged shell  3.8 chapter 7 
AK06 uncharged core – thin charged shell 1.8 chapter 7 
    
Sebastian Wanders    
JSW1 homogenous distribution of methacrylic acid 5.3 chapter 6 
    
Michael Kather    
JKMK low amount of methacrylic acid 3.1 chapter 6 
    
Christian Plum    
CP06 PNiPAM-co-Butensäure + HCl   
CP08 PNiPAM-co-Pentensäure   
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CP13 FITC gelabelet  figure 4 
CP14 PNiPAM-co-Acrylsäure  chapter 6 
CP16 PNiPMAM-block-PNiPAM   
CP18 PNiPAM-co-Methacrylsäure  chapter 6 
CP22 PNiPAM-co-Butensäure  chapter 6 
CP24 PNiPAM-co-Butensäure + SDS  figure 7 
CP28 PNiPAM-block-Polymaleinsäure   
table 9: microgels synthesised by Forschungsstudenten of Jochen Kleinen 
 
 
 
CP13 FITC labeled   
JK07 FITC labeled  
AK02 rhodamine labeled  
JK18 JK07 with rhodamine labeld shell   
JK20 rhodamine-co-FITC Mikrogel  
JK21 AK03 + FITC shell, not succesful  
table 10: flourescently labelled microgels 
 
 
 
 PDADMAC:NMVA 
CP03 50:50 
CP09 75:25 
CP12 25:75 
CP15 10:90 
table 11: copolymers of DADMAC and NMVA 
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12. Neutron Scattering  
12.1 Introduction 
 
Scattering techniques are very powerful methods to accumulate information about the shape, 
size, mass and architecture of colloidal particles. Two parameters are essential if a particle can 
be probed with a certain scattering method. The first parameter is the q-value, the second the 
contrast. The q-range is a reciprocal size and can be varied by the wavelength, by the 
scattering angle and the distance between scattering sample and detector to display the 
particle. The contrast needs to be sufficient to differentiate between the particle and the 
surrounding.  
Static light scattering (SLS) covers a q-range from 0.005 nm-1 to 0.029 nm-1 when a setup 
with a red laser is used (λ = 633 nm; Θ = 20°-150°). The experiments can be easily performed 
on light scattering setups equipped with a goniometer in standard cuvettes by collecting the 
angular depending scattering intensity. Except of subtraction of the intensity of the solvent 
and the cuvette no corrections need to be done. Light scattering experiments can be performed 
at any conditions and in various solvents as long as the scattering of the particle is different to 
the scattering of the solvent.  
A small angle x-ray scattering (SAXS) seteup needs a detector sensitive to count x-ray 
emitted by a source and scattered by the sample. The scattering intensities are collected at 
very small angles of less than a few degrees because of the small wavelength. The scattering 
intensities for all angles are collected at the same time which is realized by the use of a two-
dimensional position sensitive detector. The use of such a detector reduces the measuring time 
by several orders of magnitude and overcomes the problems related to the limited flux and the 
poor contrast between (polymer-) particles and solvent. The scattering profile is azimuthally 
averaged and corrected for the solvent and the sample container. The contrast in SAXS is 
defined by the differences in electron density. The difference in electron density for polymer 
particles and solvents and thus the excess scattering is rather low but SAXS covers a q-range 
from 0.0035-0.18 Å-1 and yields information on a smaller length scale than SLS. (wavelength 
1.54 Å; distance sample – detector 2250 mm)   
Small angle neutron scattering (SANS) uses elementary particles instead of photons that are 
scattered by the sample. The wavelength of neutrons can be tuned from 0.5 and 4 nm by the 
use of a wavelength selector allowing to measure in a q-range from 0.0003 to 1 Å-1. The 
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wavelength is however not monodisperse but features a certain width. The contrast is defined 
by the interaction between neutrons and atoms or certain isotopes, respectively. Neutrons are 
strongly scattered for example by hydrogen but almost not influenced by deuterium. This 
contrast can be used to adjust the contrast since hydrogen can often easily replaced by 
deuterium as e.g. in H2O and D2O. The miscibility of H2O and D2O can be used to adjust the 
contrast in order to obtain an index match with one component of the sample. Unfortunately, 
neutron scattering needs a neutron source and the beam time is very limited but except for 
calibration measurements and corrections for background, sample cell and solvent no 
additional measurements need to be done.  
 
12.2 Comparison of small angle scattering instruments 
 
Actual, two SANS setups cover a q-range from 0.0003 A-1 to 1 A-1 in Europe. These are the 
D11 at the Institute Laue-Langevin in Grenoble, France and the KWS-2 at Jülich Centre for 
Neutron Science in Garching, Germany. The D11 achieves low q-values of 0.002 A-1 by long 
sample-detector distances (up to 39 meters) at wavelength of 6 Angström. The q-range can 
even be extended to smaller values by using longer wavelengths but the measuring time 
increases then enormously since neutron sources generate rather neutrons with small 
wavelengths then with long wavelengths. Same q-values down to 0.002 A-1 are obtained with 
higher wavelengths of 19 Angström at distances of 8 meters at the KWS-2. The flux but also 
the sample-detector distance determine the measuring time. The higher the flux the more 
neutrons are collected on the detector and the better is the signal to noise ratio at same 
measuring times. The bigger the distance between sample and detector the smaller the number 
of neutrons reaching the detector since the scattering intensity scales with d-2 where d is the 
sample-detector distance.  
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Figure 54: Small angle neutron and x-ray scattering of a PNiPAM microgel in D2O at different 
temperatures. The left side shows data obtained at 20°C, on the right side the temperature during the 
measurement was 50°C. The SAXS data were scaled with a factor of 25 and 132 respectively.  
 
The q-dependent scattering of a PNiPAM microgel in D2O measured by the D11, Grenoble 
and the KWS-2, Garching as well as the data obtained on a bench-top SAXS device are 
shown in Figure 54. The left side shows data collected at 20°C, the right side shows scattering 
data of the collapsed microgel at 50°C. The obtained SANS data are in good agreement. The 
D11 covers the q-range with one wavelength but four different sample-detector distances 
from 1.2 meters to 39 meters. The KWS-2 is operated at two distances of 2 meters and 8 
meters and different wavelengths of 7 Angström and 19 Angström. 110 minutes were used to 
record the data at the D11 and 150 minutes were needed on the KWS-2. Typical features of 
the scattering curves are better displayed by the experiment performed on the D11, though 
187 data points were obtained from the measurement on the KWS-2 and the measurement on 
the D11 yielded only 139 data points on a larger q-scale. The bigger distribution of the 
wavelength of the KWS-2 is responsible for the lower resolution since it is 20% while the 
distribution of the wavelength of the D11 is only 9% at 6 Angström. The SAXS measurement 
lasted for 1000 minutes at one distance. Theoretically, 400 data points were collected but only 
36 are shown since the resolution is very poor for bigger q-values. The intensities had to be 
scaled by factors of 25 and 136, respectively because flux and contrast are different.  
 
12.3 Experiments 
 
It was applied for three measuring times during this thesis. Two proposal were accepted by 
the ILL, Grenoble, for instrument D11 one by the JCNS, Garching for the instrument KWS-2. 
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The microgel introduced in chapters 4 & 5 was investigated in one beam time in Grenoble 
(proposal 9-11-1282), the core-shell microgels discussed in chapter 7 were studied during the 
second beam time (proposal 9-11-1341). The experiments performed at the KWS-2 in 
Garching (proposal 1628) were not successful partially because of a bad characterized 
microgel mainly because of technical problems regarding data collecting and data evaluation. 
Therefore, only the two experiments at the ILL, Grenoble are discussed. 
 
 
 
 
 
12.4 SANS experiments with 11.5 mass% PNiPAM-co-MAA  
 
12.4.1 Introduction 
 
The microgel introduced in chapters 4&5 was used to prepare several complexes of low and 
high molecular weight PDADMAC in order to reveal the structure of the microgel 
polylelectrolyte complexes. The characterisation of the PNiPAM-co-MAA microgel revealed 
a high content of methacrylic acid preventing the collapse of the microgel at temperatures 
above the VPTT. The size of the microgel in the swollen state is too big to be covered by the 
q-range of the SANS setup. Adding of polyelectrolyte lead to a collapse of the microgel to 
sizes that can be covered by the q-range (compare Figure 57). Furthermore, temperature 
induced rearrangement could be investigated by comparing the scattering intensity before and 
after heating of the sample above the VPTT. 
 
12.4.2 Sample Preparation and measuring Conditions 
 
The complexes were prepared at basic pH-values by mixing of microgel and PDADMAC 
stock solution, D2O was used as solvent. The complexes were not centrifuged. In addition, the 
pure PNiPAM-co-MAA microgel was investigated at acidic and basic pH-values.  
The samples were measured in 1 mm Suprasil cuvettes (Hellma), the scattering intensity was 
corrected by the scattering of D2O, an empty cell and electronic background. The intensity 
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was normalized to the scattering of H2O. The measurements were performed on the old D11 
setup covering a q-range from 0.001 A-1 to 0.1 A-1. 
 
 
12.4.3 Results 
 
The scattering intensities of the protonated and deprotonated PNiPAM-co-MAA microgel at 
temperatures below and above the VPTT are shown in Figure 55. The scattering curve of the 
protonated microgel shows the expected behaviour (compare left side, Figure 56). The form 
factor minima at low pH-value can be seen at q-value of around 1E-3 at 20°C while the 
minima are clearly visible at high temperatures, the slope of the scattering curve at 
temperatures above the VPTT scales with q-4. The scattering data of the deprotonated and 
highly swollen microgel shown on the right side of Figure 55 shows no form factor minima. 
The scattering curve is very different for temperatures below and above the VPTT though the 
completely deprotonated microgel shows almost no change if the temperature is changed to 
values above the VPTT. The scattering intensity decreases with a slope proportional to q-4 
however a bump occurs at q-values bigger than 0.01 A-1. This bump indicates the formation of 
a substructure in the microgel. This substructure might be a dirty snowball since NiPAM rich 
parts of the microgel (forming the dirt) are collapsed at temperatures above the VPTT while 
highly charged parts of the microgel remain swollen.1 
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Figure 55: q-dependent scattering intensities of the 11.5 mass% PNiPAM-co-MAA microgel at different 
pH-values and temperatures. The data on the left side was obtained from an acidic solution, the data 
shown represents a fully deprotonated microgel at basic pH-values. Measurements were performed at 
20°C and at 50°C (filled and open symbols). 
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The q-range obtained by SANS is not big enough to investigate the big microgel particles. 
Static light scattering (SLS) is able to image the whole particle as seen in Figure 56. The 
influence of elevated temperatures is clearly seen on the microgels at acidic pH-values (Figure 
56, left side). The temperature induced change on the angular scattering intensity is however 
not observable at basic pH-values.  
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Figure 56: static light scattering of the 11.5 mass% PNiPAM-co-MAA microgel at different temperatures 
and pH-values. Left side shows solution containing microgel solutions with acidic pH-values, right side 
solutiuons with basic pH-values.  
 
The combination of different scattering techniques showed that the 11.5 mass% PNiPAM-co-
MAA microgel changes in the deprotonated state not its size when the temperature is changed 
from 20°C to 50°C. The internal structure is however deeply influenced by the change of the 
temperature.  
 
The microgel and the two PDADMAC samples were mixed in three different ratios at basic 
pH-values. These ratios refer to the initial charge ratio and since the mixtures were not 
centrifuged the nominal charge ratio has to be assumed from the experiments performed in 
chapter 5. Excess polyelectrolyte was not separated. The (initial) mixing ratios were 0.2 
(referred to as deficit, full binding), 1 (referred to as 1:1, full binding) and 4 (referred to as 
excess, ncr ~ 1.4). The samples were measured at 20°C. Then, the same sample was measured 
at 50°C and the scattering intensities were again recorded after the samples were cooled down 
to 20°C.  
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Figure 57: scattering intensities of the complexes at different temperatures. Upper row shows the 
complexes prepared with low MW PDADMAC, lower row those prepared with the high MW PDADMAC. 
Left column shows the intensities at 20°C, right column those at 50°C.   
 
The sample containing a deficit of low molecular weight PDADMAC showed no evaluable 
data, the other results are shown in Figure 57. The two rows contain the complexes with the 
two PDADMAC samples, the columns display the different temperatures during the 
measurements. The data obtained for the complexes are similar to these obtained for the 
protonated microgel (compare Figure 55, left side) though basic pH-values were adjusted. The 
complexation of the microgels by polyelectrolyte leads to a collapse of the microgel. The 
form factor minima can be clearly seen. The formation of a bump around a q-value of 0.01 A-1 
is observed similar to the measurements performed at high pH-values and high temperature. 
Increasing the temperature leads to the collapse of the complexes indicated by sharp minima 
and a scaling of the slope q-4. The difference between the complexes represented by a 1:1 
composition and an excess of PDADMAC is hardly visible for the low molecular weight, the 
complexes prepared with high molecular weight PDADMAC show however a more 
pronounced difference.  
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Figure 58: scattering intensities of the complexes at 20°C before (filled symbols) and after heating to 50°C 
(open symbols). Top row shows complexes with low MW PDADMAC; bottom those with high MW 
PDADMAC. Left column shows 1:1 complexes, right those prepared with an excess of polyelectrolyte.  
 
Cooling down the complexes from 50°C to 20°C should lead to the same q-dependent 
scattering as observed in the first measurement at 20°C. Differences are however observed as 
seen in Figure 58. There, the scattering intensities before and after heating the solutions 
containing the complexes are shown. The form factor minima are shifted to lower q-values 
indicating that the sizes of the complexes are smaller after the heating. The differences are 
more pronounced for the 1:1 complexes compared to the other complexes prepared with an 
excess polylelectrolyte. The complexes consisting of high molecular weight PDADMAC 
showed bigger differences than the complexes prepared with low molecular weight 
PDADMAC. The differences in q-dependent scattering intensities indicate an internal 
rearrangement of the polyelectrolyte in the 11.5 mass% PNiPAM-co-MAA microgel. The 
rearrangement is stronger for the high molecular weight PDADMAC since the movement of 
the low molecular weight PDADMAC is less hindered in the microgel. Adding 
polyelectrolyte in excess leads to a more complete penetration of the microgel by the 
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polyelectrolyte and thus to a smaller hysteresis. An influence of the molecular weight of the 
PDADMAC on the structure of the complexes is barely visible as shown in Figure 59. The 
complexes prepared with low molecular weight PDADMAC are slightly smaller at 20°C due 
to a deeper penetration into the microgel. Both the different penetration as well as the 
formation of physical crosslinks may also prevent the collapse of the complex prepared with 
high molecular weight PDADMAC.  
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Figure 59: comparison of the two 1:1 complexes at 20°C (left side) and 50°C (right side).  
 
The data obtained with SANS are in excellent agreement with the results presented in chapter 
4 & 5. The high amount of methacrylic acid is not homogenously distributed but the core 
region of the microgel is characterised by a high amount of charged monomer. The formation 
of a dirty-snowball structure can be assumed. The molecular weight of the polyelectrolyte has 
only a small influence on the interaction with the 11.5 mass% PNiPAM-co-MAA. The 
hysteresis can be explained by a rearrangement of the PDADMAC leading to more complex 
microgels.  
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12.5 SANS experiments with core-shell microgels 
 
 
12.5.1 Introduction 
 
The core-shell microgels discussed in chapter 7 revealed size exclusion for the different 
PDADMAC samples. Low molecular weight PDADMAC is able to penetrate through a 
neutral shell into the charged core of the microgel while high molecular weight PDADMAC 
sticks on the surface of the charged core - neutral shell microgel. The q-dependent scattering 
of the complexes prepared with different PDADMAC samples should be different. The 
inverse system consisting of the neutral core - charged shell microgel showed no influence of 
the molecular weight of the polyelectrolyte on the bound amount. The binding of the 
PDADMAC to the charged shell leads to a collapse of a shell which should lead to the 
formation of a shell with a high segment density and an unaffected core.  
Furthermore the scattering data obtained from the experiments with the microgels and 
complexes might serve as prototypes due to their defined structure.  
 
 
12.5.2 Sample Preparation and measuring Conditions 
 
The complexes were prepared at basic pH-values by mixing of microgel and PDADMAC 
stock solution, D2O was used as solvent. The complexes were not centrifuged. In addition, the 
pure PNiPAM-co-MAA microgels were investigated at acidic and basic pH-values. The pure 
PNiPAM microgel (neutral core) was investigated without adjusting the pH since it showed 
no pH-dependent behaviour.  
The samples were measured in 1 mm Suprasil cuvettes (Hellma), the scattering intensity was 
corrected by the scattering of D2O, an empty cell and electronic background. The intensity 
was normalized to the scattering of H2O. The measurements were performed on the new D11 
setup covering a q-range from 0.001 A-1 to 0.1 A-1. 
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12.5.3 Results 
 
The SANS measurements on the core and core – shell microgels will be discussed first, and 
then the complexes prepared of microgels and PDADMAC with different molecular weights 
are shown. The SANS data of the neutral core and the neutral core – charged shell microgel at 
acidic conditions at 20°C and 50°C are shown. The q-dependent scattering of both the core 
and the core – shell microgel are very similar, the characteristic feature of the scattering curve 
of the core – shell microgel are shifted to lower q. The form factor minima can be easily 
analyzed at low temperatures but are especially pronounced at elevated temperatures. The 
slope of the scattering curve at 50°C scales with q-4 proving a sharp interface between particle 
and solvent. 
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Figure 60: SANS pattern of the neutral core and neutral core – charged shell microgel in the protonated 
state at 20°C and 50°C, respectively.  
 
Deprotonating the neutral core - charged shell microgel yield different SANS profiles as seen 
in Figure 61. The minima become smeared out even at high temperatures. The slope of the 
data measured at 50°C scales with q-4 but only one minimum of the from factor can be 
detected in contrast to the data at acidic conditions. 
 170 
1E-3 0,01 0,1
0,01
0,1
1
10
100
1000
10000
I 
/ 
c
m
-1
q / A
-1
 neutral core - charged shell, pH 9 20°C
 neutral core - charged shell, pH 9 50°C
 
Figure 61: SANS pattern of neutral core – charged shell microgel at basic pH at 20°C and 50°C. 
 
Addition of PDADMAC to the deprotonated neutral core – charged shell microgel leads to the 
formation of a more defined surface as seen from the q-dependent scattering intensities shown 
in Figure 62. The complexation of the microgel by polyelectrolyte leads to a collapse of the 
charged shell. The low molecular weight PDADMAC might penetrate further into the charged 
shell before the shell collapses as indicated by the smaller size of the complexes. These are 
the only differences. The scattering curves look also at 50°C very similar.  
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Figure 62: SANS pattern of complexes made of neutral core – charged shell microgel and low and high 
molecular weight PDADMAC at different temperatures. Left side shows data collected at 20°C, right 
those obtained from measurements at 50°C.  
 
 
The q-dependent scattering intensities of the charged core and the charged core – neutral shell 
microgels were only recorded at basic pH-values. The data are shown in Figure 63. Again, the 
scattering intensities of the core and the core – shell microgel are very similar. The scattering 
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intensities are very similar to the ones obtained from the neutral core microgel though the 
microgels contain methacrylic acid as comonomer. The surface of the charged core – neutral 
shell microgel is even more defined than the surface of the charged core as seen from the 
different slopes at elevated temperatures.  
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Figure 63: SANS pattern of the charged core and charged core – neutral shell microgels at basic 
conditions at 20°C (left side) and 50°C (right side). 
 
The data obtained by SANS measurements confirm the results of chapter 7. Sequential 
synthesis of first a core microgel followed by the addition of a shell led to the formation of 
core – shell microgels. The defined minimas prove also that adding of new monomers to a 
core serving as seed in the core – shell synthesis gave no new formation of particles. The 
collapsed charged core microgel still features a bump around 0.01 A-1 indicating swollen parts 
(MAA rich) inside the collapsed microgel. This bump vanishes since the addition of the 
neutral was done at temperatures high above the VPTT and at acidic pH-values. The addition 
of new monomers and crosslinker led to a constriction of the microgel core. The charged 
groups are not able anymore to contribute to the swelling of the microgel as also proven by 
the pH-dependent size measurements at 20°C.  
The complexes made of the charged core – neutral shell microgel and the low and high 
molecular weight PDADMAC showed no differences as seen in Figure 64. There, the q-
dependent scattering intensities at 20°C and 50°C of the complexes are shown. Same amounts 
of the low and high MW PDADMAC were added to the deprotonated microgel. The amounts 
added yielded complexes of a ncr equal to one. The complexes were not centrifuged. The data 
showed no significant differences for the two complexes. The differences at 20°C might occur 
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from differences in the scattering cuvettes rather than from differences in the scattering 
intensity. Differences are also not visible at temperatures above the VPTT.  
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Figure 64: SANS data of complexes made from charged core – neutral shell microgel and low and high 
MW PDADMAC at 20°C (left side) and 50°C (right side) 
 
The SANS data confirm the results of the characterisation presented in chapter 7. The addition 
of the shell onto the core was successful, no formation of new microgels was observed. The 
neutral core - charged shell microgel showed a second length scale at high temperature 
probably due to the collapsed core but swollen shell.  
Addition of PDADMAC to the neutral core – charged shell microgel led to the collapse of the 
microgel.  
The charged core – neutral shell microgel shows no dependence on the binding of 
PDADMAC contrary to the results presented in chapter 7. One possibly reason for this might 
be the small amount of bound material since the microgel contains only 3.5 mass% MAA and 
thus the mass of bound PDADMAC is also very small. The samples were not centrifuged 
different to the ones analyzed in chapter 7. The different treatment of the samples might also 
be responsible for the very similar SANS data.  
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12.6 Kurzanleitung zur Neutronenstreuung am D11, ILL 
12.6.1 Messen 
 
 1.2 m 8 m 20 m 39 m 
teflon  x x X x 
     
cadmium (CD) x x X x 
empty beam (EB) x x X x 
empty cell (EC) x x X x 
Wasser H2O x x   
empty beam transmission (EB tr) x x X x 
Lösungsmittel (D2O, MeOD, ….) x x X x 
 
 
Teflon: Teflon ist ein starker, anisotroper Streuer. Das Streubild ist symmetrisch und liegt um 
den Primärstrahl, weshalb diese Messungen zum Setzen des Beamstops benutzt werden. 
Teflon muss nur kurz angemessen werden und muss nicht in einer „richtigen“ Messung im 
Strahl bleiben. 
 
Cadmium: Cadmium absorbiert Neutronenstrahlung und wird deshalb zum Messen des 
(elektronischen) Hintergrunds benutzt. Wenn die countrate, insbesondere bei weiten 
Abständen, nicht so hoch ist (1 – 10 c/s), nicht erschrecken, das muss so sein. 
 
Empty beam: Bei dieser Messung ist nichts (nur Luft) im Strahl. Eigentlich dürfte bei dieser 
Messung nichts auf dem Detektor (sondern im beamstop) ankommen. Ist auf dem Detektor 
dennoch ein Signal zu erkennen, müssen diese Artefakte später rausmaskiert werden. 
 
Empty cell: Zelle mit nichts drin als Korrektur für die Streuung. 
 
Wasser (H2O): Die Streuintensität von Wasser wird zur absoluten Kalibrierung verwendet. 
Als Absolutstandard gilt Vanadium, Wasser ist ein Sekundärstandard. Da Wasser (mit 
Protonen) aber stark streut, kommt bei größeren Abständen nichts mehr an, weshalb nur bei 
kurzen Abständen gemessen wird. Die Wassermessung bei größeren Abständen wird dann 
anders generiert (siehe unten). 
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empty beam transmission: Bei Transmissionsmessungen wird der beamstop immer 
rausgefahren und um kein Loch in den Detektor zu braten, wird ein Attenuator in den Strahl 
gebracht. Bei der Transmission des empty beams wird der Strahl von nichts abgelenkt und 
trifft ungestört auf den Detektor. Deshalb wird diese Messung verwendet, um die 
Mittelpunkte des Strahls (und damit des Streubilds für die radiale Mittelung) festzulegen.  
 
Lösungsmittel: Bei den Messungen wird der Streubeitrag des Lösungsmittels gemessen um 
diesen später von den Messungen abziehen zu können.  
 
Abgesehen von den Lösungsmittelmessungen können die Messungen nicht 
temperaturabhängig sein und selbst bei D2O und H2O tut sich zwischen 20 und 50 Grad 
nichts. Wenn eine andere Kollimation, eine andere Wellenlänge oder noch ein weiterer 
Abstand gemessen werden würde, müssen auch die Kalibriermessungen für diese 
Bedingungen neu gemacht werden.  
 
 
Auf dem Rechner mit dem Controllprogramm gibt es zwei Fenster: 
 
Das obere ist zum Editieren von Scripten, nedit XX.cmd öffnet eine Datei, lp XX.cmd druckt 
eine Datei.  
 
Das untere Fenster ist das Instrumentcontrollprogramm (MAD).  
start XX.cmd    startet ein script 
temp    liest die Temperatur aus 
pte XX    setzt die Temperatur im Cryo  
cha XX   fährt Probenposition XX an 
run    startet eine Messung 
run XX t   startet eine Messung für XX Sekunden 
stop    stoppt die Messung (und speichert sie) 
stop nos   stoppt die Messung (und speichert sie nicht nos = no save) 
det XX   fährt den Detektor auf XX Meter 
coll XX   setzt die Kollimation auf XX Meter 
wav XX   korrigiert die Drehzahl im Selector auf die Wellenlänge XX 
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att i    Attenuator in (für Transmissionsmessungen) 
att o    Attenuator out (für Streuung) 
bx XX    fährt den beamstop auf x-Position XX 
by XX    fährt den beamstop auf y-Position XX 
par subtitle XX  benennt die Messung mit Titel XX 
 
Neben dem Bildschirm mit dem Instrumentcontrollprogramm befinden sich Anzeigen, wie 
z.B. die countrate (Neutronen am Detektor) und die Monitorcountrate (Neutronen im 
Neutronenleiter). Die Letzte sollte bis auf 0.5 Prozent konstant bleiben. Bei 
Transmissionsmessungen erhöht sich die Monitorcountrate, weil es durch den Attenuator zu 
einer Rückstreuung (Teil der Neutronen wird zweimal gezählt) kommt. Außerdem zeigt der 
Bildschirm das aktuelle Detektorbild, die Probenposition und wie lange der aktuelle Lauf 
schon läuft. 
 
  
12.6.2 Auswertung 
 
Bestimmen der Strahlmittelpunkte: 
Die Transmissionsmessungen des EB in GRASP einlesen und die Rechtecke mit der hohen 
Streuintensität (grob) bestimmen. Anschließend das Programm „windet“ (auf der 
Linuxmaschine) öffnen. Mir „r“ wird die run-Nummer aufgerufen, mit „w“ wird das Fenster 
gesetzt. Mit „l“ wird jetzt dieses Fenster angezeigt. Das Fenster ist gut gewählt, wenn am 
Rand jeweils eine Zeile und Spalte einstellige Werte besitzen, die anderen Zellen des 
Detektors aber viele Counts (Tausend und mehr) aufweisen. Unter der Anzeige mit den Zellen 
stehen noch Informationen zur Messung, außerdem die total counts in diesem Fenster und der 
Schwerpunkt (Mittelpunkt) der Messung. Die x und y Koordinaten werden als 
Strahlmittelpunkte verwendet, sonst ist aus dieser Messung kein Parameter wichtig.  
 
Bestimmen des zentralen Fensters für die Transmissionsmessungen: Neben der 
Transmission des EB bei den Messabständen wird die Transmission des EB auch bei 8 m 
Detektor und 5.5 m Kollimation verwendet. Dies sind die Einstellungen für die 
Transmissionsmessungen. Aus der Messung des EB (in Transmission) bei diesem Abstand 
kann der Bereich des Detektors (Fenster) bestimmt werden, auf dem die Neutronen auftreffen, 
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wenn sie nicht gestreut werden (Transmission eben). Die Vorgehensweise ist analog zur 
Bestimmung des Strahlmittelpunkts: zuerst in GRASP grob bestimmen wo das Fenster liegt 
und dann mit „windet“ genau anschauen. Diesmal sind aber nicht die Strahlmittelpunkte, 
sondern die Grenzen des Fensters wichtig. Dieses Fenster wird zur Bestimmung aller 
Transmission verwendet. Anders als die Streuintensitäten und die Streubilder wird die 
Transmission einer Probe nur bei einem Abstand bestimmt. Aber die Transmission ist eine 
Eigenschaft der Probe und hängt nicht vom Abstand ab. Deshalb wird später bei der 
Auswertung für alle Abstände immer derselbe Wert für die Transmission verwendet. 
 
Masken: Anders als bei den Transmissionsmessungen, wird durch die Masken der Bereich 
des Primärstrahls verdeckt, da bei den Streubildern nur die gestreuten Neutronen betrachtet 
werden sollen. Für das Setzen der Masken sind die Messungen des EB hilfreich. Bei der 
Messung des EB kann nichts streuen, dass heißt alle Signale auf dem Detektor sind Artefakte, 
die eben maskiert werden müssen. Außerdem wird der Bereich des Beamstops und die erste 
und letzte Detektorzeile und Spalte (Randeffekte) maskiert. Es wird ebenfalls GRASP 
benutzt, um die Stellen zu definieren, die maskiert werden sollen (Achtung: Grasp: 1 - 128, 
Software 0 - 127). Die Masken werden mit dem Programm „rmask“ gesetzt. Mit „x“ und „y“ 
können Zeilen und Spalten maskiert werden, mit „r“ Rechtecke. Mit „l“ werden die Masken 
anzeigt und mit „f“ gespeichert.  
 
Radiale Mittelung: Die Daten fallen zunächst als zweidimensionales Streubild an. In dem 
radial gemittelt wird, wird aus dem Bild eine I(q) Kurve. Zum Mitteln wird das Programm 
„rnils“ gestartet. Dieses Programm startet mit einer Parameterabfrage. 
2  x-Mittelpunkt 
3  y-Mittelpunkt 
5  sample – detector distance 
6  Wellenlänge 
7  sample – collimator  
9  Pixel des Detektors (16k) 
10  Wellenlängenverschmiertheit (9% bei 6 Angström) 
Anschließend wird nach einer Maske gefragt. Nachdem der Dateiname der Maske eingetippt 
worden ist, fragt das Programm, ob noch eine Maske auf die Mittelung angewendet werden 
soll. Ist dies nicht der Fall, solange auf enter drücken, bis die Frage nach der run-Nummer 
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kommt (first run …. last run). Dort dann die run-Nummern eintippen, die radial gemittelt 
werden sollen. Nun haben die run-Nummern die Endung .000 und können weiter ausgewertet 
werden. 
 
Die H2O-Messungen bei großen Abständen werden folgenderweise erstellt: Die H2O-
Messung bei 8 m wird wie eine Messung bei dem entsprechenden Abstand behandelt. Auch 
wenn sie bei 8 m gemessen worden ist, wird ein anderer Abstand (z.B. 20 oder 39 m) 
vorausgesetzt. Zum Mitteln werden auch nicht die Mittelpunkte bei 8 m, sondern die bei den 
entsprechenden Abständen gewählt. Außerdem wird die Maske von 8 m, sowie die bei dem 
entsprechenden Abstand auf das Streubild gelegt. Bei dieser Mittelung wird die Endung .001 
erhalten, da die Endung .000 ja bereits vergeben ist. Wenn man zwei größere Abstände hat, 
muss man sich natürlich merken, welchen der Abstände man zuerst gemittelt (Endung .001) 
und welchen man später (.002) gemittelt hat. 
 
Normierung: Zur Normierung wird das Programm „spolly“ verwendet. Die Ausgabe soll auf 
einem „printer file“ (also 2) erfolgen. Aus Faktor wird 1000 verwendet. Anschließend werden 
die Kalibriermessungen abgefragt, beginnend mit Cadmium (electronic background). 
Anschließend kommt Vanadium (also Wasser) und der Container vom Wasser (also Empty 
cell). Dann wird nach zwei Faktoren gefragt (A1 und A3, A1`und A3` müssen eingegeben 
werden), diese finden sich im spolly excel-sheet. Dann muss noch einmal die EC als 
Hintergrund für die Probe abgezogen werden und schon ist der „Kopf“ für die Auswertung 
fertig. Es wird nach einer Probe (das kann auch ein Messung mit Lösungsmittel sein) gefragt. 
Die Run-Nummer wird eingeben und solange enter gedrückt, bis die Parameter A2 und A4 
(finden sich als A2` und A4`) gefragt werden. Anschließend weiter enter drücken, bis eine 
neue Probe abgefragt wird. Die Proben sind jetzt auf die absolute Streuintensität normiert 
(Extension .001) allerdings muss noch das Lösungsmittel abgezogen werden.  
Da die absolute Streuintensität der Proben (Polymer + LöMi) und der Lösungsmittel (nur 
LöMi) bekannt sind, (jeweils Endung .001) müssen beide noch voneinander abgezogen 
werden. Dazu wird wieder „spolly“ geöffnet und der „printer file“ (also2) ausgewählt. Als 
Faktor wird die 1 gewählt. Bei dieser Normierung/Korrektur muss kein Cadmium mehr 
abgezogen werden. Dies ist ja schon bei der Ermittlung von Endung .001 erfolgt. Es wird 
solange enter gedrückt, bis die Abfrage „sample background“ erscheint. Das ist natürlich das 
LöMi, also die entsprechende run-Nummer, allerdings mit der Endung „1“ eintippen! Dann 
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solange entern, bis nach der Probe gefragt wird, diese auch mit Endung „1“ eintippen! Alle 
anderen Parameter (A1 bis A4) sind ebenfalls 1. Damit wird die Endung .002 generiert, die 
der Streuung des Polymers (ohne LöMi) entspricht.  
 
 
Die Programme sind recht einfach zu bedienen und man kann nichts kaputt machen.  
Wenn man dem Programm Vorgaben macht, z.B. welche Maske beim Mitteln angewendet 
werden soll oder welche Messung bearbeitet werden soll, sollte man immer darauf achten, 
dass die Meldung „file found“ mit erscheint.   
Beim Programm „spolly“ dürfen nur Werte eingetippt werden, wenn die Abfrage in 
Großbuchstaben getippt ist. SAMPLE BACKGROUND ist ein Pflichtfach, Run number 
nicht. 
 
 
Spolly sheets: Diese sheets erleichtern die Auswertung ungemein.  
Im oberen Teil finden sich die Einstellung zum Setup (Wellenlänge, Abstände,…) 
Die erste Messung wird bei „Instrumental constant and scaling factor“ eingetragen. Dort wird 
bei „sample series“ die Transmissionsmessung des EB bei dem jeweiligen Abstand (dieser 
Abstand, nicht bei Transmission 8/5.5). Bei „sum“ wird die Summe der Neutronen im Bereich 
des Primärstrahls eingetragen (windet, Fenster anpassen).  
Bei Messungen, bei der keine H2O Messung gemacht werden kann, werden außerdem noch 
die Parameter der entsprechenden Messung bei 8 m eingetragen („H2O, ec-noramlisation“). 
Das gibt den Skalierungsfaktor der Messungen bei höheren Abständen.  
„Beam centre“ , „mask“ und „central reactangle“ sind Parameter, die bekannt sein sollten und 
beim radialen Mitteln wichtig werden.  
Dann schließt sich der Bereich „normalisation“ an. Dort werden die Kalibriermessungen (CD, 
H2O = Vanadium, EC und sample background) eingetragen.  
Bei höheren Abständen, bei denen es keine Wassermessung gab müssen statt der Endung „0“ 
die Endungen „1“ und so weiter eingetragen werden.  
Alle anderen Messungen (auch die reinen LöMis) werden wie Proben behandelt.  
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12.6.3 Auswertung von SANS-Daten mit ILL-Software 
 
Programm „Prop2“ öffnen 
 
Aus den Transmissionsmessungen des empty beam mit dem Programm „windet“ (oder auch 
„det“) die Strahlmittelpunkte bestimmen: 
 
R: run auswählen 
L: anzeigen lassen 
W: Ausschnittsfenster zuschneiden 
E: Ende 
 
Dabei die Fenster ein bis zwei Zeilen größer wählen als die bestrahlte Fläche. 
Die Mittelpunkte notieren. Es ist nicht verwunderlich, wenn die x-Koordinaten ein wenig 
abweichen (das Rohr ist krumm) und die y-Koordinate drei Zentimeter abweicht (Neutronen 
sind schwer). 
 
Außerdem die Masken (26 36 24 34) und die Transmissionen (total counts) notieren. Das 
wird später wichtig.  
Die Maske für die 36 Meter-Messung ist natürlich nach unten verschoben, da auch der 
Strahlmittelpunkt nach unten verschoben ist. Die Kalibrierung der Messungen erfolgt über 
Wassermessungen. Da Wasser aber stark streut, kommt auf 36 Meter nichts an, weshalb mit 
der 10 Meter-Messung kalibriert wird. Deshalb muss die Maske der 10 Meter-Messung über 
die Maske der 36 Meter-Messung gelegt werden. Diese, mehr rechteckigere Maske, wird zur 
Auswertung genommen.  
 
 
 
 
Nachdem die Masken bestimmt worden sind, können sie mit „rmask“ gesetzt werden.  
Dazu werden 3 Masken definiert (für die drei Abstände). Diese Masken können gespeichert 
und später über die Messungen gelegt werden. 
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R: maskiert ein Rechteck (maskiert den Beamstop und setzt sich aus den aus „windet“-
Masken zusammen. 
 
X: die erste (0) und letzte (63) Detektorenreihe wird jeweils maskiert (X, enter, 0, enter, 63, 
enter, -1, enter) 
Y: ebenso wie X 
L: ist zum Angucken 
F: speichert die Maske (Name merken) 
 
 
Nachdem die Detektorfläche „zentriert“ und definiert worden ist, können die Streubilder 
radial gemittelt werden. Das geht mit „rnils“. 
Es erscheint eine Parameterabfrage. Parameter mit der Zahl anwählen, Freitaste, Wert, Enter, 
wenn man glaubt, man ist fertig, einfach -1 und Enter drücken und kontrollieren.  
 
2: Mittelpunkt in x  
3: Mittelpunkt in y usw.  
Am Ende -1 nicht vergessen 
 
Dann erscheint die Frage, ob Zellen, die in einer Maske definiert worden sind, aus der 
Messung gelöscht werden sollen. Natürlich wollen wir das. 
Name eintippen, Enter, Enter, Enter 
 
Anschließend fragt das Programm, welches die erste und welches die letzte Messung ist, die 
radial gemittelt werden soll. Da erst einmal eine Nummer eintippen, enter. 
Danach wird gefragt, ob noch mehr gemittelt werden soll (ja), und ob die Parameter geändert 
werden sollen (nein). Und dann wird der Rest gemittelt.  
 
 
Dann müssen die gemittelten Daten nur noch normiert werden und vom D2O-Hintergrund 
abgezogen werden. Das geht mit „spolly“. 
 
2: printer file, enter 
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1000, enter 
und dann einfach nur die Liste, in der alle Messungen bei einer Temperatur und einem 
Abstand drin stehen abarbeiten. (Vanadium ist Wasser, das Programm kennt keine , nur .!, die 
Messung nicht bei run, sondern bei sample run eintippen, run weg entern)) 
Die Daten sind radial gemittelt und normiert (Extension 1). Jetzt muss nur noch D2O 
abgezogen werden, das ja auch bis jetzt als Probe behandelt worden ist.  
 
„spolly“ wieder öffnen. 
2: printer file, Enter 
1, Enter (Normierung ist schon gemacht) 
 
Die Frage nach dem Cadmium wird mit Enter quittiert, genau wie die nächste und zwar 
solange, bis nach dem sample background gefragt wird. Da kommt dann die normierte D2O-
Messung dran. Dabei auf gar keinen Fall die 1 als extension (XXXX 1) vergessen. 
Dann solange entern bis wieder sample run kommt, da dann die Messung mit der Endung 1 
rein. Alle Parameter sind 1 (ist doch schon normiert). 
Wenn mal was falsches eingetippt worden ist (Dreher, Extension), das Programm mit „Strg 
C“ verlassen, dann wird die aktuelle Messung nicht gespeichert.  
Die Daten lassen sich dann in Origin einlesen. Die 2,5 und 10 Meter-Messung gehen 
ineinander über. Bei der Normierung der 36 Meter-Messung mit der 10 Meter-Messung wird 
die Intensität falsch bestimmt. Die excel-sheets geben aber einen Korrekturfaktor aus (oder 
der Korrekturfaktor wird empirisch bestimmt). 
 
 
 
Das wars.  
 
                                                 
1 Keerl, M.; Pedersen, J.S.; Richtering, W.; J. Am. Chem. Soc., 2009, 131, 3093–3097. 
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13. Polyelectrolyte Titration 
 
13.1 Typical Measurements 
 
Several samples of a solution containing an unknown concentration of polyelectrolyte need to 
be titrated with a solution with a defined concentration of an oppositely charged 
polyelectrolyte. The titration curves can then be extrapolated to obtain the point of 
equivalence. The extrapolating as well as several titration curves are shown in Figure 65, left 
side. The graphical extrapolating provides good results and the results of several titrations can 
be combined to increase the reliability of the method. The volume (or amount) of titrant 
solution to reach the endpoint of the titration can be plotted as a function of added volume 
sample solution. The concentration of the sample solution can be derived from the slope of 
this plot (compare Figure 65).   
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Figure 65: titration of different amounts of a polycation with a polyanion. Left side shows the titration 
curves, the endpoints of the titrations are shown on the right side as a function of the probed sample 
volume 
 
 
13.2 Instructions 
 
preparations:  
Make sure that the tubes of the autotitrator dip into the stock solution. Switch on the 
computer, the fototitrator and the Dosimat. Rinse some (approx. 15 mL) stock solution 
through the Dosimat to flush it and make sure that no air bubbles are in the tubes. Press 
“reset” on the fototitrator. The phototitrator shall not be switched on but only the dosimat 
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must be switched on. The phototitrator can cause a communication problem and the dosimat 
will not respond to the small remote control.  
 
sample preparation: 
Add water (100 mL) to the titration cell and add one drop of indicator (1 mg / mL) and adjust 
the pH if necessary. Place the sample in the solution and make sure that the nozzle of the 
titrator dips into the solution.  
Set the pause between increments („pause“ 0 to 25 s, recommended: 2 s) and define the other 
parameters such as volume per increment („Inkrement“ 1 – 1000 µL, recommended: 1 µL), 
number of steps („XXX“ up to 500) and initial added volume („XXX“ up to 4500 µL). The 
influence of the parameters on the result of the titration should be discussed by looking at a 
few examples shown in table 12. The endpoint of the titration should be regarded to be at 750 
µL of added titrant solution. The total volume of added titrant solution should always be 1000 
µL. 
 
 pause increment steps initial  total time Comment 
1 2 s 50 µL 20 0 ~ 40 s good for first idea 
2 0 s  1 µL  1000 0 ~ 200 s too fast, no clear endpoint 
3 2 s 1 µL 1000 0 ~ 2200 s good resolution 
4 2 s 10 µL 100 0 ~ 200 s poor resolution 
5 2 s 1 µL 350 650 µL ~ 800 s good resolution 
6 10 s 1 µL  1000 0 ~10200 s good resolution, but too long  
table 12: parameters influencing the quality of polyelectrolyte titrations 
 
The measurement can be started after all settings are chosen and the sample are prepared.  
 
data treatment: 
The measurement can be stopped by the operator if necessary. The fototitrator can be “reset”, 
if the display of the fototitrator indicates “stop”. The titration software can be opened and the 
data can be imported and saved. The data evaluation with the software is possible, but not 
recommended. The data can be copied to a floppy for further investigations.  
 
new systems: 
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The system PDADMAC/PSS is well investigated and no limitations were observed regarding 
pH-values or concentrations. All solutions were highly diluted in order to reduce the influence 
of salt. Titration in 0.1 molL-1 NaCl solution lead already to a deviation from the results 
obtained under no salt conditions. The coiling of the polyelectrolyte leads to different 
accessibilities and deviations from 1:1 complexes. Furthermore, the equilibrium between dye 
and polyelectrolyte becomes weakened and the endpoint detection is less clear since the rise 
of the signal at the endpoint is less pronounced.  
The amount of indicator has only a small influence on the results. The endpoint determination 
is smeared out only at high indicator concentrations. A small amount of indicator is however 
recommended since the increase in signal is more pronounced at low concentrations. The 
amount of added water to dilute the sample must not be fixed to 100 mL also smaller volumes 
can be used. Highly concentrated polyelectrolyte solutions tend to turn turbid if an oppositely 
charged polyion is added. The turbidity of the solution has no influence on the endpoint 
determination since two diodes with different wavelengths. One wavelength is close to the 
isosbestic point of the complexed and free dye and can be used to normalize the intensity. The 
other wavelength is close to the maximum of the dyes.   
The cuvettes become milky after one week of intense use since polyelectrolytes can be used to 
build-up layers on surfaces. Furthermore, the indicator binds to the formed multilayers 
leading also to a change in transmission. The cuvettes should be immersed into water with 
high salinity to clean the inside of the cuvettes. The results obtained from a freshly cleaned 
cuvette are not reliably since part of the polyelectrolyte adsorbs to the surface of the cuvette 
and several runs should be done until the surface became passivated. Furthermore, the 
concentration of the polyelectrolyte stock solutions should be checked every two weeks.  
 
13.3 Options & Problems 
 
The formation of polyelectrolyte complexes can be influenced by low molecular weight salt 
(e.g. NaCl).1 The amount of polyelectrolyte needed to complex an oppositely charged 
polyelectrolyte might deviate depending on the concentration of background electrolyte. The 
salt concentration thus influences the endpoint of the polyelectrolyte titration and the 
conditions have to be tested with a reference system. Furthermore, the endpoint detection 
becomes difficult since the intensity rises not instantaneously but the slope is weaker. The use 
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of double distilled water for stock solutions and dilution of the samples is recommended but 
not necessary. Also water from the tab can be used. 
The pH-value of the solution could also have an influence on the endpoint of the titration if 
one (or both) of the polyions can be protonated.2 The (de-)protonation changes the degree of 
charges in a polyelectrolyte and thus the amount of oppositely charged polyelectrolyte needed 
to form a 1:1 complex. This can be used to analyze proteins and enzymes if the structures are 
not to complex since penetration of the polyelectrolyte into the structure cannot be expected. 
Also the amount of charges on rigid particles as latex or silica particles can be quantified by 
polyelectrolyte titration. Microgels, however, cannot be probed by polyelectrolyte titration 
since the results of the titration depends on the adding speed of the polyelectrolyte.3 This 
indicates also that polyelectrolytes can penetrate into microgels. The penetration takes place 
on a slower length scale than the diffusion of polyelectrolyte to the surface of a rigid particle.  
The concentrations of surfactants can also probed by polyelectrolyte titration. The slope at the 
endpoint is again weaker compared to the complex formation between polyelectrolytes. The 
stability of complexes of surfactants and polyelectrolytes can be influenced by the addition of 
an oppositely charged polyelectrolyte leading to the breaking of the formed surfactant-
polyelectrolyte complexes.4  
The titration of a flat substrate (as e.g. a cover slide made of glass) was not tried though such 
an experiment may be easily conducted. The slide is to be placed in the cuvette in a way that 
the path of the diodes is not perturbed by the slide. Polyelectrolyte can be added to the sample 
after indicator and water had been added. The endpoint of the titration might, however, 
depend on the speed of the addition of the polyelectrolyte.  
 
13.4 Literature  
                                                 
1 Win, J.W.; Hearn, J.; Ho, C.C.; Ottewill, R.H.; Colloid and Polymer Science, 1974, 252, 464 
– 471. 
2 Terayama, H., J. Polym. Sci. 1952, 8, 243-253. 
3 Forschungsarbeit, Jochen Keinen, IPC, RWH Aachen, 2006. 
4 Savariar, E.N.; Ghosh, S.; Conzalez, D.C.; Thayumanavan, S.; Journal of the American 
Chemical Soceitey, 2008, 130, 5416 – 5417. 
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14. FCS-measurements 
 
The 3-colour-2-foci fluorescence correlation spectroscopy setup (FCS) allows the precise 
measuring of diffusion coefficients of two differently labeled species parallel. Furthermore, 
the cross correlation of two colours gives information whether two different labels (or labeled 
species) diffuse independently or whether a complex was formed. This allows e.g. the 
investigation of the binding of polyelectrolyte to microgels or the built-up of shells on 
particles.1 The particle-size-effect allows the determination of core and shell-dimensions if 
both are labeled differently. The Förster Radius Energy Transfer (FRET) signal can give 
information about the proximity of different labels.  
 
14.1 Labeled Microgels  
 
Microgels can be easily labeled with fluorescent dyes bearing a (meth-)acrylamid-moeity 
(compare Figure 44). The incorporation of flouresceine (FITC) and rhodamine by this method 
was proven by measuring the microgels with ynamic light scattering (DLS) and FCS (Figure 
66 left and right side, respectively). The flouresceince dye was attached to 
methacroylchloride, while the rhodamine dye is commercially available.  
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Figure 66: estimation of the hydrodynamic radius by dynamic light scattering (DLS; open squares) and 
fluorescence correlation spectroscopy (FCS; open stars). Left side shows a PNiPAM-microgel labelled 
with flourescein, right side a PNiPAM-microgel labelled with rhodamine. The latter one tends to 
flocculate above the VPTT.  
 
The results of the temperature dependent size measurements are in good agreement.  
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14.2 Labeled core-shell microgels 
 
14.2.1 FITC-labeled Core – rhodamine-labeled Shell 
 
A rhodamine-labeled shell consisting of PNiPAM was added to a FITC-labeled PNIPAM-
microgel. The temperature dependent size measurements showed microgels with a size of 
about 145 nm at 25°C and 75 nm at 50°C (see Figure 67, left side).  
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Figure 67: size measurements of the FITC-labeled core – rhodamine-labeled shell microgel. Left side 
shows temperature dependent size measurements of the core (red) and the core-shell microgel (blue); 
right side shows the four different correlation functions at 25°C. 
 
The two colour (470 nm = FITC = core and 532 nm = rhodamine = shell) measurement 
revealed similar sizes for both colours and also the cross-correlation gives sizes of about 145 
nm at 25°C. The cross correlation functions and the fits of the four different functions are 
shown in Figure 67; right side. The diffusion coefficients and the corresponding radii are 
listed in Table 13.  
 
  diffusion coefficient 
/ µm2s-1 
radius 
/ nm 
Colour 1 Rhodamine 1,73448E-8 141,1 
Colour 2 FITC 1,56659E-8 156,2 
Cross Colour  1,73047E-8 141,4 
FRET  1,72525E-8 141,8 
Table 13: results of the fits. “Single pure diffusion” was chosen to fit the data.  
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The value of the ordinate represents the value of independently diffusing particles in the 
confocal volume. Intuively, the intercept of the two colours should be equal. But the laser 
power and the wavelength of the two emission laser are different and so are the confocal 
volumes illuminated by the two lasers. The intercept of cross correlation of the two colours is 
right between the intercepts of the two colours. The relationship of the concentration of 
particles and the intercept is reciprocal. The more particles are in the sample moving 
uncorrelated, the lower the intercept. The probability to observe a FRET signal is very small 
and so the intercept shows a high value (compare also2).  
The results clearly show that the rhodamine labeled shell was successfully added onto the 
flouresceine labeled core; the formation of new cores was not observed. Fitting of the colour 
cross corelation function gave the same results as the fitting of the two fluorescent labels.  
 
14.2.2 Post labeled rhodamine core – FITC shell 
 
Microgels containing carboxylic acid groups can be modified as explained in chapter 2.4. 
Molecules with amine functions can be covalently bound to the COOH groups yielding an 
amide bond. Flourescein amine was bound to the neutral core – charged shell microgel via 
CDI (compare chapter 10). The neutral core is labeled with rhodamine and thus a particle with 
two fluorescent dyes was obtained. The microgel was investigated by DLS and FCS at 25°C. 
The DLS revealed a size of 195 nm. The two colours (flouresceine and rhodamine) yielded 
sizes of 192 nm and 195 nm respectively and are in excellent agreement with the DLS 
measurement.  
 
 190 
 
Figure 68: schematic presentation of the dimensions of the postlabeled neutral core – charged shell 
microgel. Axis to the left shows the result of the DLS measurement, axis to the top represents the normal 
FCS measurement, axis to the right shows the result obtained by the particle size effect (PSE). 
 
Data evaluation with the help of the particle size effect (PSE) gave additional information. 
The rhodamine is only located in the core and fitting the rhodamine channel by the core 
model gave a core radius of 66 nm and a radius of the entire particle of 196 nm. Evaluating 
the data from the flourescein channel according to the PSE-model yielded a shell thickness of 
13.7 nm and a total size of 210 nm. The results are also summarized in Figure 68.  
The results obtained from the PSE model are reasonable. The size of the rhodamine labeled 
core is in good agreement with the size of the neutral core at 50°C of 62 nm. The mass of the 
shell is similar to the mass of the core (compare chapter 6) and thus the swelling of the core 
after the addition of the shell is restricted. The shell thickness of 13.7 nm is also reasonable. 
The microgel was labeled with the flourescein after the synthesis in tetrahydrofuran (THF). 
THF is a bad solvent for microgel thus the microgel is not swollen and the penetration and 
binding of dye molecules in the microgel is unlikely and thus only the surface of the microgel 
was labeled. The THF was removed under reduced pressure and replaced by water. The 
aqueous microgel solution was centrifuged several times and finally freeze-dried. 
Fluorescence spectra of the modified microgel was measured and compared with the 
unmodified microgel.  
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Figure 69: fluorescence spectra of the unmodified only rhodamine labeled microgel (black lines) and the 
modified, FITC and rhodamine labeled microgel (red lines). Top row shows spectra where the emission 
wavelengths were 470 nm and 532 nm, respectively. Bottom shows spectra where extinction at 520 nm and 
545 nm was measured. The samples contained the same concentration of microgel, the temperature was 
20°C. 
The results of the measurements are shown in Figure 69. Excititaition of a solution containing 
the modified microgel with a wavelength of 470 nm led to a strong emission at wavelengths 
around 510 nm while the unmodified microgel showed only a weak emission at these 
wavelengths. The emission spectra looked however very similar if both microgel solutions 
were excitated with a wavelength 532 nm (top row, left and right side). The differences in the 
two samples become also obvious if a fixed emission wavelength was monitored in 
dependency of different excitations. The modified microgel emitted fluorescence light at a 
wavelength of 520 nm if different wavelengths were used to excite the sample. The maximum 
was at 490 nm. The unmodified microgel showed almost no fluorescence at these 
wavelengths. Monitoring of the fluorescence intensity at 545 nm showed again differences. 
All measurements clearly indicate a post-modification of the neutral core – charged shell 
microgel with flouresceine amine.  
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14.3 Literature 
                                                 
1 Kreft, O.; Prevot, M.; Möhwald, H.; Sukhorukov, G.B.; Angewandte Chemie - International 
Edition 2007, 46, 5605 – 5608. 
2 Klee, A.; Diplomarbeit, RWTH Aachen, 2009. 
 193 
15. Special Chapter 
 
The term „soft matter“ was introduced by DeGennes in 1991.1 However, already decades 
before that scientist conducted experiments to produce and investigate formulations and 
products belonging to this fascinating family of material which can be produced by mixing 
few components followed by treating the mixture (often called paste) at defined temperature 
conditions. The temperature can range from minus thirty to the temperature of an oven. 
Mauillard investigated the influence of heat on soft matter (in form of a paste) more 
sophiscated and found an important reaction between carbohydrates and polypeptides. The 
mechanical properties of soft matter were first investigated by Weissenberg.2 Besides 
Mauillard and Weissenberg numerous scientists and reams of non-scientists investigated a 
great amount of time to improve and to reproduce established recipes and procedures. Due to 
the well investigated systems variations can be made easily leading to new and sometimes 
surprising results. This field of research is as important that several journals are published 
weekly. One of the best annual reviews is edited by Dr. Oetker. 
In the following two recipes are presented. The educts of the synthesis are all not harmful and 
require no further purification. All standard ovens can be used to temper the prepared pastes 
the tempering time and temperature can however vary.  
The first is an easy procedure to produce dozens of spherical soft spheres with a narrow size 
distribution. The standard formulation can be varied easily to change the colour and the 
surface properties of the resulting product. Also the addition of filling materials is possible to 
achieve composite materials. The synthesis of core-shell and other improved architectures 
was not successful yet but is still scope of recent research.  
 
100 gram butter, 250 gram flour, 100 gram sugar, 3 eggs and a bit of salt, milk and sodium 
carbonate are mixed at high shear rates to give a homogenous paste. Any fillers can be added 
to the paste before it is transferred to the by injection moulding to the mould. The paste needs 
to treated with temperatures around 180°C for 20 minutes. The particles are usually tested by 
a group of professional particle tester.   
 
The second approach is very simple to realise. By sequential deposition of layers of tempered 
paste (commercially available as “Butterkeks”) and a chocolate stabilized formulation a 
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multilayer array can be formed. The thickness of each monolayer can be changed 
independently to manipulate the properties in a desired way. The number of layers is at least 
theoretically unlimited.  
 
125 gram sugar and 50 gram cacao powder are mixed and two eggs and 250 gram of molten 
coconut fat are added unter vigorous stirring. The bottom of a rectangular shaped form is 
filled with the paste and a layer of so called “Butterkeks” is added. Now, the assembly of 
layers can start. The mechanical properties of the layer-by-layer can be enhanced by cooling 
the layers in a fridge over night.   
 
                                                 
1 Hamilton, D.; Science, 1991, 254, 518 – 520. 
2 Weissenberg, K.; Nature, 1947, 159, 310 -311. 
 195 
Lebenslauf: 
 
Persönliche Daten:  
Name:   Kleinen 
Vorname:   Jochen Franz 
Geburtsdatum:  11. März 1982 
Geburtsort:   Geilenkirchen 
Staatsangehörigkeit:  deutsch 
 
Qualifikationen: 
07 / 1992 - 06 / 2001:  Gymnasium der Stadt Baesweiler, Abschluss: Abitur 
07 / 2001 – 04 / 2002:  Zivildienst 
04 / 2002 – 01 / 2007:  Chemiestudium an der Rheinisch Westfälischen Technischen 
Hochschule RWTH Aachen, Abschluss: Diplom Chemiker 
03 / 2007 – 04 / 2010:  Wissenschaftlicher Angestellter, Institut für Physikalische 
Chemie, Rheinisch Westfälische Hochschule RWTH Aachen   
seit 05 / 2010:   Laborleiter Evonik Goldschmidt GmbH, Essen  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 196 
 
 
 
 
 
 
 
 
